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Zusammenfassung
Vielschichtige Spiegel sind grundlegende Komponenten jedes ultraschnellen Lasersystems.
Die Pulsenergie aktueller ultraschneller Hochleistungslaser wird oft durch laserinduzierte
Zersto¨rung der optischen Beschichtungen limitiert. Eine Mo¨glichkeit, dieses Problem zu
bewa¨ltigen, ist eine Vergro¨ßerung des Laserstrahldurchmessers. Dies ist jedoch in der
Regel unerwu¨nscht, da es die Kosten und die Grundfla¨che des Lasersystems erho¨ht. Eine
Verbesserung der Lichtbesta¨ndigkeit der Vielschichtspiegel ist daher fu¨r die Entwicklung
von kostengu¨nstigen und platzsparenden Lasern von entscheidender Bedeutung. Dies er-
fordert ein genaues Versta¨ndnis des optischen Zersto¨rungsmechanismus.
In dieser Arbeit haben wir den ultraschnellen optischen Durchbruch dispersiver Spiegel
und anderer vielschichtiger Du¨nnfilme in drei verschiedenen Regimes untersucht: (i) bei
500 Hz Wiederholrate mit 30 fs-Pulsen bei 800 nm Zentralwellenla¨nge; (ii) bei 11.5 MHz
Wiederholrate mit 1 ps-Pulsen bei 1030 nm und (iii) bei 5 kHz Wiederholrate mit 1.4 ps-
Pulsen bei 1030 nm. Zusa¨tzlich wurde eine neue Methode fu¨r Dispersionsmessungen en-
twickelt.
Im Femtosekundenregime waren die untersuchten Proben sowohl einschichtige Beschich-
tungen aus Au, Ag, Nb2O5, SiO2 und Ta2O5, sowie Ta2O5/SiO2 Mischungen, als auch ver-
schiedene dispersive Spiegel, bestehend aus SiO2 und entweder Nb2O5, Ta2O5 oder HfO2.
Wir haben ebenfalls einen Ansatz vorgeschlagen, um die Zersto¨rschwelle von dielektrischen
Du¨nnfilmbeschichtungen zu erho¨hen.
Der ultraschnelle optische Durchbruch vielschichtiger Du¨nnfilme wurde bei einer MHz
Wiederholrate und hoher Durchschnittsleistung untersucht. Die optische Zersto¨rschwelle
von drei verschiedenen Arten von Beschichtungen wurde gemessen. Alle Proben wurden
entweder mit TiO2, Ta2O5, HfO2 oder Al2O3 als hochbrechendem Material und mit SiO2 als
Material mit niedrigem Brechungsindex beschichtet. Die gleichen Proben wurden auch bei
kHz Wiederholrate vermessen und die Ergebnisse wurden direkt miteinander verglichen.
Die Abha¨ngigkeit der Zersto¨rschwelle von der Bandlu¨cke war in beiden Fa¨llen linear, jedoch
war die Abha¨ngigkeit bei einer kHz Wiederholrate steiler als bei einer MHz Wiederholrate.
Dies ist eine interessante Feststellung, die weiter untersucht werden soll.
Die entwickelte Methode fu¨r Dispersionsmessungen basiert auf der Lokalisierung von
Resonanzspitzen in einem Fabry-Pe´rot-Interferometer. Wir waren in der Lage, eine ho¨here
Auflo¨sung im Vergleich zur konventionellen Methode zu erhalten.

Summary
Whether it is to form an optical cavity, to control dispersion, or merely to transport
the laser beam, multilayer mirrors are fundamental components of every ultrafast laser
system. The performance of current state of the art ultrafast high-power lasers in terms
of pulse energy is often restrained by optical breakdown of multilayer coatings. One way
to overcome this problem is to increase the size of the laser beam, but this is usually
undesirable, as it rises the costs and the footprint of the laser system. Therefore, increasing
the optical resistance of multilayer mirrors is essential to the development of cost- and
space-efficient lasers. In turn, this requires a thorough understanding of the mechanisms
behind optical damage.
In this work, we have studied the ultrafast optical breakdown of dispersive mirrors, as
well as that of other multilayer thin-films, in three different regimes: (i) at 500 Hz repetition
rate with 30 fs pulses, at a central wavelength of 800 nm; (ii) at 11.5 MHz repetition rate
with 1 ps pulses, at 1030 nm; (iii) at 5 kHz repetition rate with 1.4 ps pulses at 1030 nm.
The results from (ii) and (iii) have been compared side by side. In addition, a novel
technique for dispersion measurements has been developed.
In the femstosecond regime, the samples have been: single layer coatings made of
Au,Ag,Nb2O5, SiO2,Ta2O5 and mixtures of Ta2O5 with silica in different concentrations;
and different dispersive coatings, consisting of SiO2 as the low-index material and different
high-index materials (Nb2O5,Ta2O5,HfO2). We have also given a suggestion as to what is
the best approach to increase the damage threshold of thin-film dielectric coatings.
The ultrafast optical breakdown of multilayer thin-films has been investigated at MHz
repetition rate and high average power. The optical breakdown threshold of three different
types of coatings has been measured. All samples have been coated with either TiO2,
Ta2O5, HfO2, or Al2O3 as high-index material and with SiO2 as low-index material. The
same samples have been measured also at kHz repetition rate. The results obtained in
both regimes have been compared. The band gap dependencies of damage threshold in
both cases were linear. However, the one retrieved at kHz rate was steeper than its MHz
counterpart. This is an interesting finding, which must be investigated further.
The developed method for dispersion measurements has been based on the location of
resonance peaks in a Fabry-Pe´rot-type of interferometer. By simultaneously processing
data obtained at different spacer thicknesses, we were able to obtain superior resolution
compared to the conventional method.
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Chapter 1
Introduction
1.1 Motivation
The first motion picture ever made has been recorded to study a phenomenon, which is
too fast for the human eye to resolve, namely the motion of a galloping horse [1]. Another
example of the early attempts of temporally resolving fast phenomena is the idea underlying
modern pump-probe spectroscopy, which has been developed in the nineteenth century to
study shock waves [2]. However, observing the temporal evolution of ever faster processes
requires shorter and shorter light pulses. The invention of the laser [3–5] has marked
a major breakthrough in that respect by making nanosecond pulses feasible. Only two
decades later, the first ultrashort pulses have been generated [6] by passive mode-locking
of dye lasers [7, 8], opening the door to ultrafast optics [9].
Today, ultrafast lasers are a versatile tool not only in science, but they also have many
industrial as well as medical applications [9]. Ultrashort pulses have allowed scientists
to explore ultrafast relaxation processes in the microcosm [10–12]. Few-cycle pulses have
enabled time-resolved studies of molecular dynamics [13]. However, it has been attosecond
pulses [14, 15] that have opened the door to real-time observations of electron dynamics
in molecules and atoms [16, 17]. More recently, researchers have also successfully used the
optical field of ultrashort pulses to induce and control electric current in dielectrics [18–20].
Furthermore, currently the feasibility of using laser-driven ion accelerators as ion sources
for cancer therapy is under active investigation [21–24]. This is promising, because the high
peak intensities accessible by focusing energetic ultrashort pulses allow for more efficient
energy transfer from laser photons to ions [25–27].
One of the major challenges in generation of ultrashort pulses is that it demands a
laser beam with broad electromagnetic spectrum, the components of which have to be
in phase with each other in order to form and maintain the shape of the pulse and its
duration [28]. That in turn means that the spectral phase of the pulse has to be accurately
controlled and the dispersion gained during propagation through a dispersive medium has
to be compensated.
2 1. Introduction
A variety of different techniques for dispersion compensation exist. Most of them are
either based on diffraction gratings [29], prism pairs [30], dispersive mirrors [31–34], or on
a combination thereof [28, 35]. Each technique has its own advantages and disadvantages.
For instance, using prisms and gratings, large amounts of dispersion can be obtained, but
they are difficult to align and have relatively low efficiency. In addition, they might fail
to compensate the spatial chirp that they introduce, and they might insert higher order
dispersion. Both of these effects are generally highly undesirable. Dispersive mirrors, on
the other hand, can control second- as well as higher order dispersion of broadband pulses
with high precision and efficiency. Additionally, they are also easier to align. However, dis-
persive mirrors can only introduce moderate, bandwidth-dependent amount of dispersion
per reflection [36]. Nevertheless, dispersive mirrors are often preferred due to: (i) relative
alignment simplicity [37], (ii) ability to control dispersion over a broad spectral range [38,
39], and (iii) low losses for narrow-band applications [37, 40].
Aside from generating ever shorter pulses, the ultrafast optics community strives to
achieve ever higher pulse energies at high repetition rates. Recently developed oscillators
and amplifiers, based on fiber [41], innoslab [42, 43], and thin-disk technology [44–46], are
capable of generating subpicosecond pulses with energies of several tens of µJ at repetition
rates of more than 10 MHz, resulting in several hundreds of watts of average output power
and multiple megawatts of peak power. Optical damage is among the challenges towards
scaling up the power of such systems. Moreover, their output is often intensified further
in regenerative amplifiers [47], optical parametric amplification (OPA) stages [48, 49], and
inside enhancement cavities [50, 51]. The latter can reach average intracavity power of
several tens of kW, which is limited by the damage threshold of optical coatings [50, 52].
One of the weak spots of ultrafast laser systems with respect to laser-induced damage
are the optical multilayer mirrors. The straightforward way to deal with optical breakdown
is to increase the beam size. However, that requires larger optics and increases the overall
footprint of the system, thereby rising the costs substantially. In addition, the larger
the size of the optics, the more difficult it becomes to provide uniform surface quality.
Furthermore, the damage threshold of the whole optical element is as low as the damage
threshold of its weakest spot. Thus, before undertaking the approach of increasing the
size of the optical components, it would be beneficial first to try to increase their damage
threshold. A study of the processes governing laser damage is prerequisite to such attempts.
1.2 Background
In fact, the history of research on laser-induced damage is almost as old as has the history of
laser itself [53]. The optical breakdown induced by nanosecond pulses has been the subject
of extensive research over many years [53–62] and is still investigated today because of the
great variety of industrial applications of nanosecond lasers.
Similarly, the advance of ultrafast lasers has motivated considerable research on ultra-
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short pulse optical breakdown of both thin-films and bulk dielectrics [60, 62–76]. All of
them have been carried out by measuring the laser-induced damage threshold (LIDT) at a
low average power, either in single-shot mode or by using a pulse train at a kHz repetition
rate. In addition, few studies on LIDT of dispersive mirrors exist. However, as discussed
above, the generation of ultrashort pulses often involves dispersive mirrors, and there are
many modern applications, which require sources of high energy ultrashort pulses at high
repetition rate. This calls for more research on optical breakdown of dispersive mirrors
with ultrashort pulses, and at kHz as well as at MHz rates. This work is thus an attempt
to address that knowledge gap.
1.3 Goal
The goal of this thesis is twofold. First, to investigate the ultrashort pulse optical break-
down of dispersive mirrors, and thereby to provide a rough estimation of how much the
LIDT of a dispersive mirror could be increased. Second, to examine the laser damage of
multilayer thin-films induced by ultrashort pulses in the previously unexplored regime of µJ
pulses at MHz repetition rate and therefore high average power (tens of watts). Addition-
ally, it was important also to compare the results obtained at MHz rate with measurements
at kHz rate, while keeping all other measurement parameters akin. To meet these goals,
two distinct set-ups were used with three different laser sources.
1.4 Outline
The thesis begins with a short theoretical introduction in Chapter 2. The linear propaga-
tion of light in uniform dispersive media is described and the term ‘dispersion’ is introduced
in Section 2.1, followed by a description of the linear propagation of light in layered media,
i.e. in thin-films (Section 2.2). The Chapter concludes with Section 2.3, giving the cur-
rently accepted theoretical picture of optical ionization, the process immediately preceding
ultrashort pulse laser damage.
Chapter 3 provides in Section 3.1 a brief introduction to the workings of dispersive
mirrors. Section 3.2 gives a thorough description of a novel technique for measurements of
dispersion of mirrors. Theoretical and experimental details of the method are given, as well
as few examples demonstrating its advantages over the currently widely adopted approach.
This method was developed partially to facilitate the characterization of the dispersive
mirrors investigated later for LIDT. Further techniques to characterize the samples under
investigation are described in Chapter 4.
The two set-ups mentioned in Section 1.3 shared the same methods and principles of
operation, which are portrayed in Chapter 5. The measurement procedure, the definition
of damage, the technique used to to detect it, as well as the expression used for calculating
the peak fluence are all given therein.
4 1. Introduction
The experiment of investigating the LIDT of dispersive mirrors with femtosecond pulses
is described in Chapter 6. The samples under investigation are given in Section 6.1. Sec-
tion 6.2 provides the specific details regarding the used laser system and set-up. The results
are displayed in Section 6.3.
Chapter 7 presents a direct comparison of LIDT measured at MHz and kHz rates.
Section 7.1 contains a description of investigated samples. The measurement setup and
the laser sources are described in Section 7.2. Results from measurements carried out at
MHz rate are compared in Section 7.3 with measurement results obtained at kHz rate. The
Chapter goes on with a discussion of the outcome from the kHz and MHz experiments.
This work has made substantial use of scientific open source software based on the
Python programming language. In particular, the acquired LIDT data has been evaluated
using the libraries SciPy [77, 78] and SymPy [79]; most graphs in this thesis have been
plotted using Matplotlib [80]. Some additional calculations have been carried out using
the interactive environments IPython [81] and Sage [82].
Chapter 2
Ultrashort pulse propagation in
transparent media
This chapter is a short theoretical introduction to the most relevant aspects of the propa-
gation of ultrashort pulses in transparent media. We start by deriving the wave equation
in isotropic, nonmagnetic media and give one of its fundamental solutions—the gaussian
pulse. Then we define dispersion of first and of second order. The chapter goes on with a
brief introduction to the theory of light propagation inside layered media and presents the
characteristic matrix of a multilayer thin-film composition. Finally, we sketch the basic
mathematical description of ultrafast optical breakdown as understood today.
2.1 Linear propagation and dispersion
The classical propagation of electromagnetic waves and particularly of light, is described
by the Maxwell equations [83]:
∇ ·D = ρ, (2.1)
∇×H− ∂D
∂t
= J, (2.2)
∇× E + ∂B
∂t
= 0, (2.3)
∇ ·B = 0. (2.4)
The Eqs. (2.1)–(2.4) are complemented by the material equations:
D = ε0E + P, (2.5)
H =
1
µ0
B−M, (2.6)
J = σE. (2.7)
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In Eqs. (2.1)–(2.7), E and H are the electric and the magnetic field, respectively; D
is called electric displacement; B is the magnetic induction; P and M are the electric
and the magnetic polarization, respectively; σ and ρ are the surface and the free charge
density, respectively; and J is the free current density. The quantities ε0 and µ0 are called
respectively vacuum permittivity and vacuum permeability and are related to the speed of
light in vacuum c via:
c2 =
1
ε0µ0
. (2.8)
We are interested in the solution of the Maxwell equations in nonmagnetic regions space
with no free charges and no free currents, so that:
ρ = 0, (2.9)
σ = 0, (2.10)
M = 0. (2.11)
It is practical to split the polarization P into linear and nonlinear parts:
P = PL + PNL. (2.12)
Then the wave equation is given by [84]:
∇2E− n
2
c2
∂2E
∂t2
= µ0
∂2PNL
∂t2
, (2.13)
where n = n(ω) is the frequency dependent refractive index of the material. Here, ω is the
angular frequency.
One of the basic solutions of the wave equation is the gaussian pulse, given along the
axis of propagation z by [6, 85]:
E(z, t) = A(z, t)ei(kz−ωt) = A(z, t)eiΦ(t), (2.14)
where A(z, t) = |E(z, t)| is the amplitude of electric field, and k is the wavenumber.
Φ(t) ≡ kz−ωt is the temporal phase of the pulse and leads to the definition of instantaneous
frequency:
ωi(t) ≡ dΦ(t)
dt
. (2.15)
In dispersive media, the wavenumber depends on ω:
k(ω) =
ωn(ω)
c
. (2.16)
Expanding Eq. (2.16) in Taylor series about the central frequency ω0, we get:
k(ω) =
∞∑
m=0
1
m!
dmk(ω0)
dωm
(ω − ω0)m. (2.17)
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The first two derivatives of k(ω0) are frequently used separately, thus it is convenient to
name them. The first derivative of k over ω is the inverse group velocity (GV):
1
vg(ω0)
≡ dk
dω
∣∣∣∣
ω0
. (2.18)
The second derivative of k gives information about the dispersion of the medium and is
often referred to as group velocity dispersion (GVD):
GVD(ω0) ≡ d
2k
dω2
∣∣∣∣
ω0
=
d
dω
1
vg
. (2.19)
The spectrum of a gaussian pulse is given by its Fourier transformation:
E(ω) = |E(ω)|e−iϕ(ω), (2.20)
where |E(ω)| is the spectral amplitude and ϕ(ω) is the spectral phase. It is useful to
expand the spectral phase into Taylor series about the central frequency ω0:
ϕ(ω) =
∞∑
m=0
1
m!
dmϕ(ω0)
dωm
(ω − ω0)m. (2.21)
The first derivative of the spectral phase ϕ(ω) is often used on its own and is called group
delay (GD):
GD(ω0) ≡ dϕ
dω
∣∣∣∣
ω0
. (2.22)
The second derivative of ϕ(ω) is also known as group delay dispersion (GDD):
GDD(ω0) ≡ d
2ϕ
dω2
∣∣∣∣
ω0
. (2.23)
GDD is describes the amount of dispersion introduced to a pulse while traveling through
a certain length of a dispersive medium. It can also be used to denote the amount of
dispersion gained during propagation in a dispersion controlling devise, such as a stretcher
or a compressor. Thus, GDD is an important characteristic of any dispersive mirror.
2.2 Propagation in multilayer thin-films
There are different methods to describe light propagation inside layered media such as
multilayer thin-films [86]. One of the most common approaches is the method of the
characteristic matrix, it owes its popularity to its computational simplicity and accurate
results.
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2.2.1 Characteristic matrix
The propagation of an electromagnetic wave in a single thin layer is described by [86, 87]:(
u
v
)
z=zj
= Mj
(
u
v
)
z=zj−1
, (2.24)
where u(z) and v(z) are the amplitudes of the electric and the magnetic fields, respectively.
The positions of the two layer boundaries on the optical axis are given by zj−1 and zj. The
factor Mj is called a characteristic matrix of j-th layer and has the form:
Mj =
(
cosϕj i sinϕj/qj
iqj sinϕj cosϕj
)
(2.25)
where the phase shift gained by the wave after passing at angle γj through layer j of
thickness dj and complex refractive index n˜j is given by:
ϕj = kn˜jdj cos γj. (2.26)
The quantity qj is the optical admittance of j-th layer at oblique angle of incidence, and
is given by:
qj =
{
Y0n˜j cos γj, for s-polarization;
Y0n˜j/ cos γj, for p-polarization.
(2.27)
Here, γj is the angle of incidence on interface j + 1. The quantity Y0 is reciprocal of the
impedance of free space Z0 and is called admittance of free space:
Y0 =
1
Z0
=
H
E
=
√
ε0
µ0
= ε0c. (2.28)
The characteristic matrix of the whole thin-film assembly is equal to the product of the
characteristic matrices of the constituent layers:(
u
v
)
z=za
= MmMm−1 . . .M1
(
u
v
)
z=z0
, (2.29)
where za is the position of the incident medium interface and z0 is the substrate interface.
The characteristic matrix of the whole layer structure is:
M = MmMm−1 . . .M1. (2.30)
The characteristic matrix of a composition of thin-films contains information for all
properties of the assembly, such as transmittance, reflectance, phase, etc. This topic
is covered rigorously and thoroughly in Refs. [86, 87]. Here, we will consider only the
distribution of electric field inside a multilayer thin-film assembly.
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2.2.2 Electric field distribution
For a monochromatic wave, the electric field at an arbitrary position z along the optical
axis is given by the following recurrent system of equations [87]:
u(z) = u(zj−1) cos[kn˜j cos γj (z − zj−1)] + i
qj
v(zj−1) sin[kn˜j cos γj (z − zj−1)], (2.31)
v(z) = iqzu(zj−1) sin[kn˜j cos γj(z − zj−1)] + v(zj−1) cos[kn˜j cos γj(z − zj−1)] (2.32)
In reality, however, the refractive index depends on frequency, i.e. n˜ = n˜(ω). Hence,
qj = qj(ω) and consequently u = u(z, ω) and also v = v(z, ω).
Ultrashort pulses have broad spectral bandwidth, and the single frequency approxima-
tion discussed above is violated. Therefore, to describe the propagation of ultrashort pulses
inside a multilayer thin-film structure, we need to consider the electric field distribution in
time-domain. It can be obtained by applying the Fourier transformation to u and v:
u(z, t) =
1√
2pi
∞∫
−∞
u(z, ω)eiωtdω, (2.33)
v(z, t) =
1√
2pi
∞∫
−∞
v(z, ω)eiωtdω. (2.34)
Eqs. (2.33) and (2.34) can be used to calculate the time-dependent electric field distribution
inside a multilayer stack.
2.3 Optical breakdown
The optical breakdown of dielectrics in the ultrashort regime begins by promoting valence
electrons to the conduction band. When the density of free carriers reaches some critical
value fcr, the plasma frequency becomes comparable to the frequency of the incident laser
field and starts to absorb strongly, leading to ablation. In SI units, the plasma frequency
is given as:
ωpe =
√
fe2
m∗ε0
, (2.35)
where f is the concentration of electrons, e is the elementary charge, m∗ is the effective
electron mass, and ε0 – the electric constant.
When the critical electron density fcr is reached, the plasma frequency becomes com-
parable to the frequency of the laser field, i.e., ωpe ≈ ω:
fcr ≈ ω
2m∗ε0
e2
. (2.36)
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Here ω is the frequency of the laser field. At near ifrared (NIR) frequencies, the critical
electron density is in the order of fcr ≈ 1021 cm−3.
Mainly two mechanisms contribute to the promotion of free carriers to the conduction
band: photoionization and impact ionization. The first occurs when a valence electron is
excited under the influence of the external field whether via multiphoton ionization (MPI)
or via tunneling ionization. The impact ionization takes place when an energetic electron
in the conduction band interacts with a valence band electron giving it enough energy to
reach the conduction band, resulting in two conduction band electrons. This is also known
as avalanche ionization. These mechanisms are discussed below.
2.3.1 Photoionization
The photoionization rate in solids is given by the Keldysh theory [88]:
w =
2ω
9pi
(
m∗ω
γβ~
) 3
2
Q
(
γ,
U˜I
~ω
)
exp
{
−pi
⌊
U˜I
~ω
+ 1
⌋
K(γβ)− E(γβ)
E(β)
}
, (2.37)
where
γ =
ω
√
m∗UI
eE
(2.38)
is the Keldysh parameter, U˜I is the effective ionization potential:
U˜I =
2E(β)
piγβ
UI , (2.39)
and
β ≡ 1√
1 + γ2
. (2.40)
Also, we have made use of the floor function:
bxc = max {l ∈ Z | l ≤ x} . (2.41)
The function Q(γ, U˜I/~ω) is of the form:
Q(γ, x) =
√
pi
2K(β)
∞∑
n=0
exp
{
−npiK(γβ)− E(γβ)E(β)
}
Φ
{
pi
√
2bx+ 1c − 2x+ n
2K(β)E(β)
}
, (2.42)
where Φ(z) is the Dawson’s integral:
Φ(z) =
z∫
0
ey
2−z2dy. (2.43)
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In Eqs. (2.37) and (2.42), K and E are the complete elliptic integrals of the first and the
second kind, respectively:
K(x) =
pi/2∫
0
dθ√
1− x2 sin2 θ
, E(x) =
pi/2∫
0
√
1− x2 sin2 θ dθ. (2.44)
In the case of strong fields and low frequencies when γ  1, Eq. (2.37) reduces to the
formula for tunneling ionization:
w =
2
9pi2
UI
~
(
m∗UI
~2
)3/2(
e~E√
m∗U3I
)5/2
exp
{
−pi
2
√
m∗U3I
e~E
(
1− 1
32
UI
Up
)}
. (2.45)
In the opposite case of high frequencies when γ  1, we obtain the formula for MPI:
w =
2ω
9pi
(
m∗ω
~
)3/2
Φ
√2l − 2U˜I
~ω
 exp{2l(1− Up
UI
)}(
Up
4UI
)l
(2.46)
where the effective ionization potential U˜I is:
U˜I = UI + Up, (2.47)
and Up is the ponderomotive energy given by:
Up =
e2E2
4m∗ω2
. (2.48)
In Eq. (2.46) l denotes the number of photons needed to overcome the effective ionization
potential U˜I :
l =
⌊
U˜I
~ω
+ 1
⌋
. (2.49)
2.3.2 Impact ionization
Another source for conduction band electrons is the impact ionization, when an energetic
electron interacts with a valence band electron and transfers enough of its energy to the
valence band electron to promote it to the conduction band. The result of this interaction
is two electrons at the bottom of the conduction band.
When the electron density in the conduction band is sufficiently high, an avalanche
process can take place, making a significant contribution to the plasma density. The
avalanche excitation rate is given by a Drude model [62, 69]
wav =
σ
UI
fI, (2.50)
12 2. Ultrashort pulse propagation in transparent media
where the cross section
σ =
k0ωτc
n20fc(1 + ω
2τ 2c )
(2.51)
and the collision time τc is given by
τc =
16pi0
√
mE3kin√
2e4f
. (2.52)
Chapter 3
Dispersion control and measurement
The domain of ultrafast optics deals with pulse durations of the order of femtoseconds
or less. Given a certain spectrum, the shortest possible pulse is characterized by a flat
spectral phase, i.e. when all spectral components are in phase. When a pulse propagates
through a medium with normal dispersion, the low-frequency spectral components travel
faster than high-frequency spectral components. This process is known as “chirping,” and
it leads to temporal broadening of the pulse . To counteract this process, dispersion with
the same magnitude but an opposite sign must be introduced to the pulse to keep it as
short as possible.
Dispersion can be controlled using different techniques. Most are either based on
prisms [30], on gratings [29], on dispersive mirrors [31–34] or on a combination thereof [28,
35]. There are advantages and disadvantages to each of these methods. For example, large
amount of dispersion can be obtained using prisms or gratings, but they are difficult to
align and generally have relatively low efficiency. Moreover, they might introduce spatial
chirp, as well as dispersion of higher order, both of which are often undesirable. On the
other hand, dispersive mirrors can control second- as well as higher orders dispersion of
broadband pulses with high degree of accuracy [38, 39]. When dispersion control is neces-
sary only for a narrow spectral band, dispersive mirrors can be produced with reflectivity
higher than 99.9 % [37, 40]. In addition, dispersive mirrors are simpler to install in optical
systems with respect to prisms and gratings [37]. However, dispersive mirrors can only
introduce moderate, bandwidth-dependent amount of dispersion per reflection [36]. Nev-
ertheless, thanks to their ability to fine-tune dispersion, as well as their user-friendliness,
dispersive mirrors are widely used to control dispersion of ultrashort pulses [89].
In this Chapter, we first illustrate qualitatively how dispersion is obtained within dis-
persive mirrors. Next, we describe a novel technique for quantitative measurements of the
dispersion characteristics of mirrors and compare it with the conventional method. Finally,
we discuss some issues related to the ultrashort pulse damage of dispersive mirrors.
14 3. Dispersion control and measurement
3.1 Resonant storage and wavelength-dependent pen-
etration
Dispersion control by means of specially crafted multilayer mirrors has been reported for
the first time almost three decades ago [31]. These first dispersive mirrors had inside their
layer stack a spacer layer of half-wave optical thickness which resembles a Gires-Tournois
interferometer (GTI) [90]. Inside a GTI, certain resonant frequencies gain nonlinear phase
shift, which translates into GD with respect to non-resonance frequencies (Fig. 3.1(b)).
This phenomenon is also known as resonant storage and allows large amounts of GDD
to be introduced. However, due to their nature, the GTI mirrors operate only within a
relatively narrow spectral bandwidth.
Figure 3.1: Dispersion via wavelength-dependent penetration (a) and resonant storage (b).
(a) The optical thickness of layers varies gradually in a chirped multilayer structure. This
causes different spectral components to penetrate to different depths within the stack and
hence to attain different GDs. (b) Two interfaces separated by a half-wavelength optical
thickness distance resonantly enclose the incident resonant wave. Such nanoscale GTIs
embedded in the multilayer structure can introduce large GDs at selected wavelengths. A
combination of both effects allows to overcome the limitations imposed by the two effects
when used separately. (Reprinted from [91])
Another approach to dispersion control is provided by the so-called “chirped mir-
rors” [32]. They were given this name due to the fact that the optical thicknesses of
layers change gradually with the layer number, which causes spectral components of dif-
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ferent frequencies to penetrate to different depths within the layer stack (Fig. 3.1(a)). Due
to this wavelength-dependent penetration, different frequencies experience different GDs.
Chirped mirrors successfully overcome the bandwidth limitation of GTI mirrors, but fail
to introduce large amount of GDD per reflection. The obtainable GDD is limited by the
maximum attainable GD difference between the extremes of the reflectivity range [92]. In
turn, this is connected to the optical thickness of the coating.
0 10 20 30 40 50 60 70 80 90
Layer number
0
50
100
150
200
250
Ph
ys
ica
lt
hic
kn
es
s(
nm
)
High-index
Low-index
M1 M2 M3 M4 M5 M6 M7 M8
C2 C3 C4 C5 C6 C7
C1
Figure 3.2: Physical thicknesses of alternating layers of Ta2O5 and SiO2 are shown with
green and orange columns, respectively. The structure can be viewed as a combination of
eight mirrors (M1-M8) and seven resonant cavities (C1-C7). Consequently, the GDD comes
from penetration and resonance effects. (Adapted from [91])
In the quest for making broadband high-dispersive mirrors, efforts have been made to
improve GTI mirrors [33, 34]. However, it has been the successful combination of the ad-
vantages of both chirped mirrors and GTI structures into a single mirror [37, 91] that has
overcome the limitations of the conventional approaches. Figure 3.2 shows a physical thick-
ness profile of a high-dispersive mirror, which makes use of both the wavelength-dependent
penetration and the resonant storage effects. This becomes apparent when we take a look at
the electric field distribution inside of the dielectric stack of the mirror (Fig. 3.3): the high-
frequency components are reflected near the top of the stack, whereas the low-frequency
components penetrate deeper in the layer stack (wavelength-dependent penetration); the
localized enhancements of the electric field indicate that resonance frequencies are “stored”
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inside certain layers (resonant storage).
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Figure 3.3: Typical electric field distribution inside of the layer stack of a dispersive
mirror. The light enters the multilayer structure from the left; the interface with the incident
medium is at the zero of the x-axis. The shorter wavelength components are reflected in the
layers near the incident medium. The longer wavelength components penetrate deeper in
the mirror and thus gain delay with respect to the shorter ones. Some frequencies undergo
“trapping” within certain regions of the layer stack, resulting in additional delay. The
enhanced electric field in these regions (yellow to red) is an indication for resonant storage
effect. The plotted electric field is normalized with respect to the incident electric field.
(Adapted from [91])
3.2 Resonance scanning interferometer for dispersion
measurements
The most important characteristics of dispersive mirrors are, naturally, the GD and the
GDD that they introduce in an impinging laser pulse. For pulses shorter than 50 fs,
dispersion of higher orders plays also an important role. Therefore, it is essential to be
able to accurately measure these properties in order to check and verify the quality of
produced dispersive mirrors. Moreover, precise GD and GDD measurements can give
valuable feedback to the production process [93].
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White-light interferometer
Presently, the most widely used techniques for GD and GDD measurements involve white-
light interferometer (WLI) [94–97], which are typically based on the Michelson interferom-
eter (Fig. 3.4). The measurement sample is placed in one of the arms of the interferometer,
whereas the other arm, the reference arm is scanned, recording the resulting interference
patterns (interferograms) at each step. The gathered data is then processed to obtain the
GD and GDD of the sample.
Figure 3.4: Michelson-type white-light interferometer for dispersion measurements: S –
light source; LP – long-pass filter; BS – beam splitter; Ms – end mirror in the sample
arm; Mref – end mirror in the reference arm; CCD – digital sensor inside of a spectrometer
(reprinted from [98]).
The noise arising within the light source and the detector, the precision of the step
motor scanning the reference arm, as well as micrometer-scale vibrations of the set-up
all affect the recorded interferograms [99]. This makes the evaluation of GD and GDD a
difficult problem, which has been subject of several studies [94–97, 99, 100]. In addition,
the wavelength and GDD resolution of the WLI approach is rather poor, especially for
applications with high demands on the dispersion properties of the mirrors. Some of
these applications require mirrors with large amount of GDD, e.g. high-energy mode-
locked oscillators [37, 40, 46]; others like enhancement cavities need mirrors with as little
as possible dispersion [50, 51]; and yet others such as the generation of near-single-cycle
optical pulses rely upon ultra-broadband dispersive mirrors [15, 38].
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Resonance scanning interferometer
An alternative approach for GD and GDD measurements based on determination of the
resonance frequencies of a Fabry-Pe´rot interferometer was suggested by Osvay et al. [101].
The mirrors forming the interferometer were the mirrors to be measured. Their GD was
determined using a formula relating the difference between adjacent resonant frequencies
to the average GD within that frequency interval. The shortcomings of this simple ap-
proach are that for small spacer thickness the distances between resonance frequencies are
large, resulting in small spectral resolution. On the other hand, if the spacer thickness is
increased, the resonant peaks decrease and soon become indistinguishable from noise. A
trade-off spacer thickness was often difficult to find and even then it was unable to provide
simultaneously good resolution and signal-to-noise ratio. Another problem of this approach
was the requirement of accurate determination of the spacer thickness, which was difficult
to measure due to its micrometer scale.
To address the limitations of Michelson-type WLI, and recognizing the potential of the
method described in [101], we have developed another technique for dispersion measure-
ments [102, 103], which builds upon the one in Ref. [101]. Our method is based on series
of measurements of the resonant frequencies for different spacer thicknesses and simulta-
neous processing of all measurement data. To reflect the fact that the interferometer is
being scanned, we called our technique Resonance Scanning Interferometer (RSI). One
of its advantages is that it does not require setting the spacer thickness precisely nor its
determination. The only requirement is the parallel alignment of the interferometer and its
stability during the measurement process. With this improvement, RSI has been able to
surpass WLI in terms of both simplicity and compactness, while at the same time providing
greater accuracy of the GD/GDD measurements.
3.2.1 Experimental set-up
The measurement set-up consists of a light source, a spectrometer, and a pair of parallel
mirrors, one of which is mounted on a translation stage (Fig. 3.5). Measurements can be
performed either in transmission mode (Fig. 3.5(a)) resembling a Fabry-Pe´rot interferom-
eter or in reflection (Fig. 3.5(b)) resembling a GTI. In both cases, the GD and GDD could
be determined at an arbitrary combination of angle of incidence and polarization.
We used a grating spectrometer with a different detector or a different light source
depending on the measurement spectral range. A 250 W tungsten lamp was used as light
source for wavelengths above 450 nm, whereas a 75 W xenon lamp was used for shorter
wavelengths. For measurements below 1050 nm the detector was a CCD camera (grid step:
0.37 nm), and for measurements deeper in the IR we used an InGaAs photodiode array
(grid step: 0.61 nm).
The sample was mounted on a motorized linear translation stage, which allowed us to
vary the spacer thickness, thus scanning the interferometer without changing the alignment
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Figure 3.5: Schematic representation of the resonant scanning interferometer (a) in
transmission- and (b) in reflection mode (reprinted from [102]).
otherwise. However, the term “measurement scan” is used below in the sense of a scan
in frequency domain, i.e. it denotes the procedure of determination of the resonance
frequencies for a certain spacer thickness.
3.2.2 Theory
Let us consider two parallel mirrors with air spacer between them, as shown in Fig. 3.5.
One of the mirrors has known properties: we have used an aluminum mirror with virtually
zero GD [94] and reflectance of about 90 %, whereas the second mirror is the sample with
unknown GD.
The total transmittance of the system is [86, 104].
T =
TmTs(
1−√R−mR+s )2 + 4R−mR+s sin2
(
φm + φs + δ
2
) (3.1)
where Tm and Ts are respectively the transmittances of the metal mirror and the sample
mirror; R−m is the reflectance of the metal mirror in opposite direction of the incident beam,
and R+s is the reflectance of sample in direction of the beam; φm and φs are the phase-shifts
gained at reflection upon the metal mirror and the sample, respectively; and δ is given by:
δ =
2ωdsns cos θs
c
, (3.2)
where c is the speed of light in vacuum. Physically, δ represents the phase-shift gained
by an electromagnetic wave of angular frequency ω per round-trip through a spacer of
thickness ds and refractive index ns at angle θs.
The resonance frequencies must satisfy the resonance condition:
φm + φs + δ
2
= kpi, k = 1, 2, . . . (3.3)
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Here k is integer and denotes the resonance order. Let us now consider two adjacent reso-
nance frequencies ωj and ωj+1 with phases ϕj and ϕj+1, respectively. The phase difference
between them will then be given by:
∆ϕj ≡ ϕj+1 − ϕj = 2dsns cos θs
c
(ωj+1 − ωj)− 2pi. (3.4)
Using (2.22) we get:
GDj =
2dsns cos θs
c
− 2pi
∆ωj
, (3.5)
where
∆ωj = ωj+1 − ωj;
and
GDj =
1
∆ωj
ωj+1∫
ωj
GD(ω) dω
is the average GD in the interval ω ∈ [ωj, ωj+1].
Since there are no trivial ways to measure the spacer thickness ds in Eq. (3.5) with
the necessary nanometer precision, it would be worthwhile to exclude it from the calcu-
lations. This can be done by taking into consideration the difference between the values
of the average GD within two adjacent frequency intervals, namely within [ωj, ωj+1] and
[ωj+1, ωj+2]:
GDj+1 −GDj = 2pi
(
1
∆ωj
− 1
∆ωj+1
)
. (3.6)
This recursive formula gives consecutively the average GD for each interval. Since adding
a constant GD term is irrelevant, we can safely choose as initial condition GD1 = 0. By
expanding the recursion (3.6) it can be shown that:
GDj = 2pi
(
1
∆ω1
− 1
∆ωj
)
. (3.7)
It is worth noting that Eqs. (3.7) give the averaged GD values with precision directly
related to the precision of determination of the resonance frequencies. This is in contrast
with the expression for GD given in [101], which is only an approximation and as such it
introduces uncertainty in addition to the experimental one. Furthermore, Eqs. (3.7) do
not depend on the spacer thickness ds, and can be used with an arbitrary step size.
If the distances between adjacent resonance frequencies ∆ωj are small enough, the
sequence GDj will approach the spectral dependence of group delay GD(ω). However,
while it is possible to increase the density of the resonance frequencies by increasing the
spacer thickness, this comes at the expense of reducing the amplitude of resonant peaks.
As the amplitude of the resonant peaks approaches the noise level, it becomes increasingly
more difficult to accurately determine their position. On the other hand, when their
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Figure 3.6: Merging data from measurements with different spacer thicknesses into a
combined grid. (Reprinted from [102])
amplitude is sufficiently high, the resonant peaks are too sparse for obtaining GD(ω) with
high resolution.
Alternatively, to increase the density of the frequency grid, we can combine measure-
ments with different spacer thicknesses as shown in Fig. 3.6. This will allow us to achieve
significantly higher spectral resolution.
Let the total number of scans be L, where the i-th scan has number of resonance peaks
Ni, and let M =
∑
Ni denote the total number of maxima. Then Eq. (3.7) transforms
into:
GDi,j = 2pi
(
1
∆ωi,1
− 1
∆ωi,j
)
, (3.8)
where i = 1, . . . , L and j = 2, . . . , Ni − 1. Also, let us denote with {ω˜k}k=1,...,M the
set of combined resonance frequencies from all scans. Then the average GD between two
resonance frequencies ωi,j and ωi,j+1 from the i-th measurement scan will be equal to:
GDi,j =
1
∆ωi,j
∑
k
∆ω˜kGDk, (3.9)
where the summation is over the set of all indices k for which [ω˜k, ω˜k+1] ⊂ [ωi,j, ωi,j+1].
We can combine Eqs. (3.8) and (3.9) to obtain a system of linear algebraic equations
(SLAE):
1
∆ωi,j
∑
k
∆ω˜kGDk = 2pi
(
1
∆ωi,1
− 1
∆ωi,j
)
, (3.10)
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which can also be expressed in matrix form:
Ax = b. (3.11)
Here the vector x is composed of the unknown elements xk = GDk; b contains the right-
hand side of (3.10); and the matrix A takes the form:
Ai,j,k =
∆ω˜k
∆ωi,j
.
Equation (3.11) is a system of M−2L equations, since the number of intervals between
the Ni resonance frequencies in each measurement scan i is only Ni − 1. An additional
equation is lost due to the exclusion of the spacer thickness. On the other hand, the
number of unknowns GDk is M − 2. Except for the case of a single scan, i.e. L = 1, this
makes the SLAE (3.11) underdetermined. Thus, finding x is an inverse ill-posed problem,
the solution of which can be found by application of a regularization theory [105]. The
question of how to apply this theory to the problem at hand is discussed in some detail in
ref. [103] and will not be considered here.
The approach described so-far has two major deficiencies: the potential non-uniformity
of the combined grid and the discreetness of the obtained spectral dependence of GD(ω).
The latter problem gives rise to difficulties related to the differentiation of GD(ω), which
is required in order to obtain the parameter of practical interest GDD(ω). These short-
comings can be overcome by approximating the obtained GD(ω) with a cubic spline func-
tion. Let us introduce a new uniform frequency grid {yi}i=1,...,K , such that its boundary
points coincide with the boundary points of the non-uniform combined frequency grid,
i.e.: y1 = ω˜1, yK = ω˜M . Now we can represent GD(ω) as a cubic spline function with
coefficients ai, bi, ci, and di [106]:
GD(ω) = ai + bi(ω − yi) + ci(ω − yi)2 + di(ω − yi)3, ω ∈ [ω˜i, ω˜i+1). (3.12)
If we substitute Eq. (3.12) into Eq. (3.10), we will obtain a SLAE analogous to Eq. (3.11),
where x will contain the coefficients ai, bi, ci, and di. Solving this SLAE, we will obtain
continuous spectral dependence GD(ω), which can be differentiated analytically to obtain
GDD(ω).
3.2.3 Experimental results
In addition to the simplicity of RSI set-up with respect to WLI, the new technique offers
improved spectral and GD/GDD resolution. To demonstrate that, let us consider a few
examples.
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Figure 3.7: (a) and (b): GD and GDD measured using RSI in transmission (green curves)
compared to WLI results (red curves) and theoretical data (orange curves). (c) and (d):
Comparison of GD and GDD data obtained using RSI in reflection (red curves) and in
transmission (green curves).
Measurements in reflection vs transmission
The first example demonstrates the consistency of measurements performed in transmission
and reflection. The sample is a broadband dispersive mirror with working range from
600 nm to 1050 nm.
The GD and GDD spectral dependencies are compared respectively in Fig. 3.7(a) and
Fig. 3.7(b) with theoretical data and with measurements carried out using a WLI. Some
deviations of measured GD and GDD curves from the theoretical one are to be expected
due to inevitable deposition errors in layer thicknesses. However, a good correspondence
between the measurements performed using WLI and RSI should be noted. Additionally,
the RSI technique was able to resolve the oscillations in the GDD spectral dependence
much better than WLI.
The feasibility of performing equally accurate measurements both in transmission and
in reflection is demonstrated in Fig. 3.7(c) and Fig. 3.7(d). Moreover, the remarkable
correspondence between these two independent measurements performed in two different
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regimes provides an additional verification of the RSI method.
Broadband mirrors
Few-optical cycle pulses require mirrors that support spectrum spanning about or even
more than one optical octave. Furthermore, part of this spectrum might be outside the
working range of a single spectrometer. The dispersion characterization of such broadband
mirrors is challenging in its own right. The following example shows that with RSI it is
possible to acquire measurement data in two different but partially overlapping spectral
ranges and then process the obtained data simultaneously.
In this example, the sample is a broadband dispersive mirror with working range from
650 nm to 1350 nm. Since this range is not covered by any single spectrometer available in
the lab, we split the spectral band into two overlapping parts: the range from 650 nm to
1060 nm is measured using the CCD spectrometer; from 850 nm to 1350 nm is covered by
the InGaAs photodiode array.
Two measurement scans for the ranges from 650 nm to 1060 nm and from 850 nm to
1350 nm are shown in Fig. 3.8(a) and Fig. 3.8(b), respectively. The difference of peak values
is due to variation of the spectral responses of the used spectrometers, both of which are
operated near the edge of their respective working ranges.
All experimental data gathered in both wavelength ranges was processed simultaneously
resulting in the GD and GDD spectral dependencies shown in Fig. 3.8(c) and Fig. 3.8(d),
respectively. The results are in good overall agreement with the theoretical expectation.
The small discrepancies can be assigned to manufacturing errors.
High-dispersive, narrow-band mirrors
The operation of Yb:YAG mode-locked femtosecond oscillators requires low-loss high-
dispersive mirrors [37, 40]. The challenge in characterizing such mirrors lies in their rel-
atively narrow wavelength ranges of 5 nm to 20 nm, which are difficult to resolve using
WLI.
Here, we consider a high-dispersive mirror [40] with nominal GDD of −3000 fs2 and
reflectance > 99.95 % in the range from 1015 nm to 1030 nm. Using the RSI technique,
mirrors with such reflectivity can only be measured in reflection (Fig. 3.5(b)), since the
signal in transmission would be indistinguishable from noise. Thus the following measure-
ments were carried out in reflection.
The dispersion properties of the sample have been measured in the range from 940 nm
to 1100 nm. Figure 3.9 compares the GD and GDD spectral dependencies obtained using
RSI to the respective curves retrieved using WLI as well as to the theoretical curves. The
small shift of the measured curves towards shorter wavelengths can be attributed to a slight
under-deposition of the layers of the mirror during manufacturing. Besides this variation,
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Figure 3.8: (a) and (b): Resonance peaks of measurement scans in reflection in ranges:
(a) 650 nm to 1060 nm and (b) 850 nm to 1350 nm. (c) and (d): GD and GDD wavelength
dependencies of a broadband dispersive mirror, covering a spectral range larger than one
octave (650 nm to 1350 nm). The measured data (green curve) is compared to the theoretical
prediction (orange curve).
the RSI measurements have properly reconstructed the resonant features around 960 nm
and 1080 nm, while WLI has failed to detect them (Fig. 3.9(a) and Fig.3.9(b)).
The same data set has been processed once again, this time limiting the wavelength
range to 1000 nm to 1050 nm, allowing us to obtain a more detailed picture of the GD and
GDD curves around the working range of the mirror (Fig. 3.9(c) and Fig. 3.9(d)). The
same shift towards shorter wavelengths is visible also in these figures. The oscillations in
the measured GDD curve (Fig. 3.9(d)) should also be attributed to inevitable deposition
errors in layer thicknesses. The fact that RSI measurements show these features shows
that the new technique has superior spectral and GD/GDD resolution compared to WLI.
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Figure 3.9: (a) and (b): GD and GDD results in a wide range from 940 nm to 1100 nm
obtained using WLI (red curves) and RSI (green curves) are compared to theoretical data
(orange curves). (c) and (d): Similarly, for the narrower range from 1000 nm to 1040 nm.
3.3 Conclusion
The generation of ultrashort pulses requires precise control over dispersion. Dispersive mir-
rors are attractive tools for managing GDD as well as third-order dispersion and facilitate
the attainment of the shortest possible pulse duration. The interplay between the reso-
nant storage effect and the wavelength-dependent penetration is the working mechanism
of modern dispersive mirrors.
Before dispersive mirrors are put to use, however, their dispersion properties have to
be measured. This information also provides valuable feedback to the production process.
Currently, the conventional method for dispersion measurements is based on WLI, which
has insufficient wavelength- and GDD resolution for some more demanding applications of
dispersive mirrors.
We have developed a novel technique for dispersion measurements of multilayer mirrors,
we have called it RSI. It is based on a Fabry-Pe´rot interferometry and draws on a concept
initially proposed in Ref. [101]. However, in contrast to the stationary interferometer used
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in Ref. [101], in our method we have recorded transmission or reflection spectra for a
number of different spacer widths and have processed all gathered data simultaneously.
This has enabled us not only to exclude knowledge regarding the spacer thickness from the
evaluation, but has also allowed us to reach unprecedented precision of the measured GD.
We have demonstrated that RSI has been able to surpass WLI in terms of both spectral
and GDD resolution. We expect that the new technique will facilitate the efforts in pushing
the frontiers dispersive mirror technology.

Chapter 4
Mirror characterization techniques
Ultrafast laser systems, as well as experiments which rely on such lasers demand special
optics. For instance, it is generally necessary that the mirrors used in an ultrafast laser to
have very high reflectivity (often larger than 99.9 %) and some particular amount of GDD.
The production of such optics is thus a demanding and challenging process. A number of
characterization techniques are essential to provide feedback to the manufacturing process
and to make sure that the produced optical elements meet the specifications. Some of
these methods are needed also for the investigation of laser-induced damage in multilayer
thin films. Here, we briefly describe the most relevant characterization techniques.
4.1 Spectrophotometry
Spectrophotometry is the quantitative measurement of the reflection or transmission prop-
erties of a material as a function of wavelength λ [107]. We use a spectrophotometric
approach to measure the transmission T (λ) of produced thin film assemblies. Then the
reflectivity R(λ) can be estimated in the following way. When there is no optical gain in
the material, the following relation holds due to energy conservation:
T +R + A+ S = 1, (4.1)
where A and S are the absorption and scattering coefficients, respectively. However, in the
case of dielectric materials with large band gap UI compared to the photon energy ~ω, i.e.
UI  ~ω, the absorption is negligible A ≈ 0. For samples with root mean square (RMS)
surface roughness ρ λ, the scattering is also negligible S ≈ 0. Therefore, the reflectivity
is simply:
R = 1− T. (4.2)
Figure 4.1 shows and example of a spectrophotometric measurement of the transmission
of two dielectric mirrors having high reflectivity in the region from 1000 nm to 1200 nm.
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Figure 4.1: Example spectrophotometric measurement of the transmission of a QWOT
stack (green curve) and a mirror optimized for electric field distribution (EFI) – orange
curve.
Spectrophotometric measurements provide a good overall representation of the spectral
performance of a thin-film assembly, and thus they provide fundamental feedback to the
coating production. However, the accuracy of the reflectivity values obtained by this
method is often limited to fraction of a percent (∼ 0.1 %). Better accuracy is provided by
the ring-down technique for measurement of total losses.
4.2 Ring-down method for measurement of total losses
Let us imagine a light pulse travelling in an optical cavity. If the pulse has a narrow spectral
bandwidth, we can safely ignore any effects related to dispersion. Then with each round
trip, a fraction of the intensity of the pulse will be lost due to transmission, absorption, and
scattering. It is intuitively clear that the pulse intensity will decay in a stepwise manner:
the width of the step being equal to the round-trip time, and the step size – proportional to
the total losses inside the cavity. If the losses are small, the decay will be exponential with
time constant inversely proportional to the cavity total losses. A rigorous mathematical
treatment of the above is given in Ref. [108]. Here, we will just give the final result for the
total losses L:
L = T + A+ S =
l
c τc
, (4.3)
where l is the optical round-trip path, c is the speed of light in vacuum, and τc is the decay
time. By measuring the pulse intensity as a function of time I(t) the decay time can be
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found as a fitting parameter:
I(t) = I(0) e−t/τc . (4.4)
This method allows accurate measurements of mirrors with total losses on the scale of a
few parts per million (ppm) [108]. On the down side however, Eq. (4.3) is only valid in the
low-loss approximation when L < 1 %. Further limitations on the ring-down technique are
imposed by the speed of the electronic equipment with which the decay time is measured,
making cavities with total losses larger than 0.1 % difficult to measure.
4.3 Calorimetric absorption measurements
In the linear regime, absorption in dielectrics at optical frequencies is very low, provided
that UI  ~ω. Nevertheless, hypothetically, absorption might take a notable part in the
damage mechanism in the high average power. To confirm or disprove this supposition,
absorption has to be measured when investigating the LIDT at high average power, as in
the experiment described in Chapter 7.
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Figure 4.2: Example calorimetric measurement of absorption. The average power (green
curve) and the temperature (red curve) are recorded as functions of time. Two exponential
functions (blue dash-dot curve) are fitted to the measurement data: one when the the
sample was illuminated with the laser beam and another after the beam was blocked.
There are three main approaches to determine the absorption losses [109]: by measuring
transmission, while neglecting or accounting for losses due to reflection and scattering; by
emissometry, because at thermal equilibrium, emittance is equal to absorbance; and by
calorimetry, where the temperature increase due to the absorbed radiation is measured.
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We used a commercially available calorimeter, which measures absorption losses according
to ISO 11551 [110].
An example of a calorimetric measurement of absorption is shown in Fig. 4.2. The
change in temperature ∆T of the sample and the average laser power incident on it are
recorded as functions of time. Initially, the laser beam is blocked by a shutter. At some
moment t0 the beam is unblocked and illuminates the sample, which starts to heat up.
At a moment t1 the shutter is closed again and the sample begins to cool down. The
function ∆T (t) can be fitted with an exponential function for the period of heating (t0 <
t < t1) [111]:
∆T (t) = Ah +Bh e
−γt, (4.5)
where Ah, Bh, and γ are fitting parameters. The period of cooling (t > t1) can be fitted in
a similar way. It can be shown that the absorption coefficient α is equal to [111]:
α =
γCeffAh
P
, (4.6)
where Ceff is the effective heat capacity and P is the average laser power incident on the
sample.
Chapter 5
Damage threshold metrology
The laser-induced damage is a sophisticated phenomenon. It depends not only on the
properties of the material, such as the band gap, but also on various parameters of the
beam: pulse duration, central wavelength, number of pulses, beam width, and, as it will be
shown in Chapter 7, on repetition rate. All that makes laser-induced damage difficult to
study, and comparisons to literature need to be carefully made. It is thus crucial to define
the conditions under which a damage threshold value has been obtained. This Chapter
aims to fulfill that purpose.
We studied the laser-induced damage in dielectrics at two different wavelengths: 800 nm
and 1030 nm. In the first case, the pulse duration was 30 fs, whereas in the latter it was on
the order of one picosecond. Because of the differences in the characteristics of the beam
in both cases, we had to use two different set-ups sharing the same basic concept. Here,
we shall describe the issues common to both set-ups. Details specific to each particular
case will be given later.
5.1 Set-up scheme
Figure 5.1: General scheme of a damage threshold set-up. PD1 – calibrated photodiode;
PD2 – photodiode to measure scattered light; 3D – three dimensional translation stage.
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A general scheme of a damage threshold set-up, valid for both set-ups, is given in
Fig. 5.1. The laser beam passes through an adjustable attenuator, allowing control over
the fluence illuminating the sample. Afterwards, a small part of the beam is separated
and directed to a calibrated photodiode, which allows in situ measurements of the incident
power. The rest of the beam is focused on the sample. A second photodiode is placed
near the sample in order to detect damage, which would be indicated by a rapid increase
of the scattered light coming from the surface of the sample, as explained in more detail
in Section 5.2.
5.2 Measurement algorithm and definition of damage
To determine when damage occurred, a photodiode was placed near the sample to monitor
the light scattered off its surface, as shown in Fig. 5.1. The sample was placed in the focal
plane of the laser beam in such way that an undamaged site was irradiated (Fig. 5.2(a))
and the light scattered off the sample was monitored for a certain time interval. Then the
fluence was increased and the scattered light was measured again for the same period of
time, while illuminating the same spot on the sample. That routine was iterated to cover
a certain fluence range, within which the damage threshold lay. The damage threshold
was defined as the fluence at which the behavior of scattering signal with respect to laser
fluence changed rapidly. As soon as damage occurred (Fig. 5.2(b)) the scattered signal
increased rapidly (Fig. 5.3).
Figure 5.2: Damage detection by monitoring the scattered: (a) non-damaged site and low
scattering; (b) damaged site, causing increased scattering.
A typical recording of scattering signal as a function of laser fluence is given in Fig. 5.3.
The fluence value after which the scattering signal starts to grow rapidly defines the damage
threshold fluence.
Scattered light has been used for damage detection successfully in the past [112–114]
and is one of the damage detection methods recommended by ISO 21254:2011. It is worth
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Figure 5.3: Scattering signal versus fluence: example damage threshold measurement.
The arrow points to the fluence at which damage occurred.
noting however, that according to our measurement procedure, the same site of the sample
is illuminated by a range of fluence values, whereas ISO 21254:2011 stipulates that the sam-
ple should be illuminated on a different site for each particular fluence value. That is being
done in order to avoid various incubation effects [67, 112, 115, 116]. Since such precondi-
tioning effects are part of the long term damage process, we consider that by embracing
these incubation effects our measurements have actually yielded more realistic threshold
values for damage, which occur under real conditions. Moreover, although our measure-
ments are not ISO-compliant, the detailed description of the measurement procedure and
the set-up allows the reproduction of the obtained results.
5.3 Calibration
The LIDT is usually given in units of fluence, which is defined as the energy possessed by an
optical pulse divided by the area, over which this energy is distributed. The pulse energy
can be obtained by dividing the average power carried by the beam on the repetition rate
of the laser. To measure in situ the incident average power, we deflected a small portion of
the beam to a photodiode (PD1 in Fig. 5.1), which was calibrated with an optical power
meter in the beginning of every measurement session.
Figure 5.4 shows an example of a calibration of a photodiode. Since the measured
average power P¯ scales linearly with the voltage U produced by the photodiode. By
applying a linear fit to the measurement data, we obtain the fit parameters a and b, which
allow us to calculate the average power P¯ from the measured voltage U :
P¯ = a+ b U. (5.1)
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Figure 5.4: Example calibration measurement of the photodiode, allowing consequent in
situ measurements of incident power.
If we divide the average power P¯ on the repetition rate frep, we will obtain energy per
pulse.
5.4 Focus characterization
When characterizing the laser beam around the focal plane, we found that the foci of the
two main axes of the beam did not coincide in space, which suggested astigmatism of the
laser beam. That meant that the finding of a focus position with good rotational symmetry
would be very challenging. Instead, we assumed that the beam had an elliptical profile
with main axes, which were Gaussian in space.
For Gaussian beam propagating through a focus the variation of beam radius w(z) is
given by
w(z) = w0
√
1 +
(
z − z0
zR
)2
, (5.2)
where z0 is the position of the focus, w0 is the radius of the beam at the waist, and zR is
the Raleigh length. In this work the radius of a Gaussian beam is taken as the distance
from the optical axis in transversal plane at which the intensity drops down to a value of
1/e2 of the peak intensity.
We translated a CCD camera along the focus and measured the beam diameter with
a step of 0.5 mm. By plotting the beam width versus the position along the z-axis and
fitting it using Eq. (5.2), we were able to retrieve the beam parameters. An example
measurement, fit and extracted beam parameters are shown in Figure 5.5.
In order to estimate the peak fluence of the incident beam, we calculated the area A⊥
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Figure 5.5: Measurement of the beam width across one of the foci. The experimental
data was fitted with the Gaussian beam width w(z) as a function of the axial distance z
(Eqn. 5.2).
of an elliptical cross section perpendicular to the propagation axis:
A⊥(z) = pi wx(z)wy(z), (5.3)
where wx(z) and wy(z) are the two main axes of the ellipse at position z along the beam.
However, the damage threshold set-up was able to perform measurements at an arbi-
trary angle of incidence θ. For θ 6= 0 the area of the sample A illuminated by the beam is
effectively larger than A⊥. In order to take that into account, Eq. (5.3) has to be modified
by introducing an additional term as follows:
A(z) =
A⊥(z)
cos θ
. (5.4)
The pulse energy, when divided by the area illuminated by the laser beam A(z) deter-
mines the laser fluence at point z on the optical axis, as shown in the next section.
5.5 Calculation of peak fluence
As mentioned previously in Section 5.3, in our set-up we actually measured the voltage U
yielded by a photodiode in order to determine the average power P¯ of the incoming beam
by using (5.1). To calculate then the peak fluence Jˆ the following expression could be used
(see appendix A):
Jˆ = 2
P¯
frepAσ
, (5.5)
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where frep is the repetition rate of the laser and Aσ is the area of a circle with center on
the optical axis and radius w.
However, as discussed previously, in our case the beam was astigmatic and we also
corrected the area for an arbitrary angle of incidence. Thus, substituting (5.2) and (5.3) in
(5.4) we obtained the following expression for the area illuminated by the beam at position
z on the optical axis:
A(z) =
pi
cos θ
wx0
√
1 +
(
z − zx0
zxR
)2
wy0
√
1 +
(
z − zy0
zyR
)2
. (5.6)
Note that indices x and y in superscript do not mean rise to power here. Rather they
denote the corresponding parameters of the beam within the two main axes.
After inserting equations (5.1) and (5.6) in (5.5) we obtain the final expression for
calculation of the peak fluence:
Jˆ(z) =
2(a+ b U) cos θ
freppi w
x
0
√
1 +
(
z − zx0
zxR
)2
wy0
√
1 +
(
z − zy0
zyR
)2 . (5.7)
This expression connects the photodiode calibration parameters a and b, the focus charac-
terization parameters w0, z0 and zR, the repetition rate frep, and allows us to reconstruct
the peak fluence from the voltage readings U of the photodiode.
5.6 Measurement example
Let us summarize the damage threshold measurement process. First, to measure the
incident power on the sample, a photodiode is calibrated according to Section 5.3. The
calibration allows the retrieval of the linear parameters a and b, which can be used to
calculate the average power from the voltage values given by the photodiode (PD1 in
Figure 5.1).
Afterwards, a certain range around the focus is scanned along the z-axis and the beam
widths in two mutually perpendicular planes are recorded for each position. That way, by
retrieving the beam parameters in x-z and y-z planes as shown in Section 5.4, it is possible
to take into account the astigmatism of the laser beam.
Following the measurement algorithm described in Section 5.2, we gradually increase
the initially low fluence while recording at each step the voltage signals given by both
photodiodes: one measuring the incident power and the other monitoring the scattered
light from the sample. The collected data is processed by substituting the previously
determined parameters a, b, w0, z0 and zR
1 into (5.7). The data evaluated in such way can
1Parameters w0, z0 and zR were determined for two mutually perpendicular planes.
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be plotted as scattered signal versus fluence, and the threshold fluence can be determined
visually from the resulting figure. An example of such damage threshold measurement is
given in Figure 5.3.

Chapter 6
Femtosecond optical breakdown of
dispersive coatings
Ultrafast lasers are a versatile tool not only in science, but they also have many industrial
as well as medical applications [9]. Ultrashort pulses have allowed scientists to explore
ultrafast relaxation processes in the microcosm [10–12]. Few-cycle pulses have enabled
time-resolved studies of molecular [13] and electron dynamics in molecules and atoms [16,
17]. More recently, researchers have also successfully used the optical field of ultrashort
pulses to induce and control electric current in dielectrics [18–20]. Furthermore, currently
the feasibility of using laser-driven ion accelerators as ion sources for cancer therapy is
under active investigation [21–24]. This is promising, because the high peak intensities
accessible by focusing energetic ultrashort pulses allow for more efficient energy transfer
from laser photons to ions [25–27].
One of the major challenges in generation of ultrashort pulses is that it demands a laser
beam with broad electromagnetic spectrum, the components of which have to be in phase
with each other in order to form and maintain the shape of the pulse and its duration [28].
That in turn means that the spectral phase of the pulse has to be accurately controlled
and the dispersion gained during propagation through a dispersive medium has to be
compensated. An appealing way to do that is offered by dispersive mirrors [32–34]. Their
advantages include: (i) relative alignment simplicity [37], (ii) ability to control dispersion
over a broad spectral range [38, 39] and (iii) low losses for narrow-band applications [37,
40].
In this Chapter, we investigate the ultrashort pulse damage in single layer coatings of
metals and dielectrics, in quarter-wave optical thickness (QWOT) stacks, and in dispersive
mirrors. Particular attention is paid to dispersive mirrors, because of their widespread
usage in ultrafast science, on one side, and because of the scarcity of literature on LIDT
of dispersive mirrors, on the other. These results were also published in Ref. [117].
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6.1 Samples
We investigated high-reflectors, dispersive mirrors, a fused silica substrate and single layer
coatings of metal and dielectric materials. All of the sample designs were coated on fused
silica substrates with 25 mm diameter and 6 mm thickness. Information about the different
coatings is summarised in Table 6.1. The metal coatings were deposited using electron
beam evaporation (EB), whereas the dielectric coatings were produced using plasma-ion
assisted magnetron sputtering (MS).
Sample Materials Layers Thickness Process LIDT
name (nm) (J/cm2)
Single layer dielectric coatings:
Ta2O5 (80 %) 80 % Ta2O5/20 % SiO2 1 320 MS 0.41± 0.04
Ta2O5 (90 %) 90 % Ta2O5/10 % SiO2 1 300 MS 0.35± 0.04
Ta2O5 Ta2O5 1 300 MS 0.31± 0.03
Nb2O5 Nb2O5 1 300 MS 0.23± 0.02
SiO2 SiO2 1 400 MS 1.14± 0.10
Metal coatings:
Silver Ag 1 120 EB 0.25± 0.03
Gold Au 1 120 EB 0.22± 0.02
High reflectors:
HDT1 80 % Ta2O5/SiO2 41 5000 MS 0.34± 0.03
HDT2 Ta2O5/SiO2 41 4700 MS 0.25± 0.03
Dispersive mirrors:
HD63 Ta2O5/SiO2 63 9680 MS 0.26± 0.03
HD64 Ta2O5/SiO2 39 10 460 MS 0.35± 0.04
HD72 Ta2O5/SiO2 40 10 175 MS 0.36± 0.04
HD73 Ta2O5/SiO2 71 10 990 MS 0.25± 0.03
RHD5 Ta2O5/SiO2 67 11 300 MS 0.25± 0.03
PC49 C Nb2O5/SiO2 89 8260 MS 0.25± 0.03
PC60 S Nb2O5/SiO2 88 12 530 MS 0.29± 0.03
PC60 L Nb2O5/SiO2 84 12 140 MS 0.27± 0.03
Table 6.1: General description and breakdown threshold fluences of the studied samples.
The given thicknesses are physical.
Single layer depositions of Nb2O5, Ta2O5 and SiO2 as well as mixtures of the latter two
were investigated in terms of LIDT. The mixtures of Ta2O5 : SiO2 had ratios of 80 : 20
and 90 : 10 and are denoted here as Ta2O5 80 % and Ta2O5 90 %, respectively.
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Both the silver and the gold coatings had physical thicknesses of about 120 nm and
were deposited using electron beam evaporation. The samples designed as highly reflecting
mirrors, i.e. HDT1 and HDT2, consisted of a QWOT stack with Ta2O5 80 % and Ta2O5
as high refractive index materials, respectively.
SiO2 was used as low refractive index material for all of the dielectric mirrors presented
here. Some of the dispersive coatings employed Ta2O5 as high refractive index material,
whereas for others Nb2O5 was used, depending on the desired performance of the particular
coating.
The goal of a dispersive coating is to control the spectral phase of a pulse. This func-
tionality is achieved by a combination of wavelength dependent penetration and resonance
effect of Gires-Tournois cavities. Both of these effects influence significantly the electric
field distribution inside of the layer stack. Thus generally dispersive mirrors possess much
more complicated electric field distribution in comparison to quarter wave thickness stacks.
An example of electric field distribution inside a dispersive coating is shown in Figure 3.3.
Each sample among the dispersive mirrors had a unique design in order to meet the
specific requirements of the experiment for which it was intended. Thus the electric field
distribution inside the layer stack varied significantly from one dispersive sample to another.
Figure 6.1: Layout of the set-up: F – gradient neutral density filter wheel; BS – beam
splitter; L – 1500 mm convex lens; PD1 – calibrated photodiode; PD2 – photodiode to
detect scattered light; TS – 3D translation stage (reprinted from [119]).
6.2 Set-up
To measure the threshold of laser-induced damage we used an experimental set-up, which
was developed previously within the framework of a bachelor thesis [119]. Its layout is given
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in Figure 6.1. The beam first went through a motorized filter wheel with an azimuthal
gradient distribution of the optical density. By rotating the filter wheel we were able to
control the illuminating fluence on the sample. After passing the neutral density filter, a
small part of the beam was reflected by the beam splitter. It was then sent to a calibrated
photodiode, which allowed us to measure in situ the incident power. The rest of the beam
was focused on the sample. A second photodiode was placed near the sample in order to
detect the occurrence of damage indicated by a rapid increase of the scattered light coming
from the surface of the sample, as explained in more detail in Section 5.2.
As a laser source we have used the front end of the Petawatt Field Synthesizer (PFS)
system which is currently under development at the Max Planck Institute of Quantum
Optics. The main goal of the PFS project is to deliver few-cycle laser pulses (∼ 5 fs with
spectrum spanning from 700 nm to 1400 nm) with energies larger than 3 J at a repetition
rate of 10 Hz and with controlled carrier-envelope phase [120].
Figure 6.2: Layout of the relevant part of the PFS front end system (shortened from [120]).
However, only a small portion of the power mentioned above was sufficient for the
carried-out damage threshold measurements. Thus, only a part of the whole PFS system
was used as a laser source. It delivered to the damage threshold set-up pulses with energy
of 1 mJ and pulse duration of about 30 fs at central wavelength of 790 nm with a repetition
rate of 500 Hz. A schematic layout of the relevant part of the PFS front end is shown in
Figure 6.2.
By having a maximal pulse energy of 1 mJ and a focal spot on the sample with diameter
of about 140µm measured at level 1/e2 of the maximal intensity, we were able to reach
fluences of up to 13 J/cm2.
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6.3 Results and discussion
This section presents the results from the damage threshold measurements with femtosec-
ond pulses. The measured threshold fluences are divided into four groups in order to expose
the different findings and dependencies of the damage threshold on various factors.
6.3.1 Single layer depositions
We investigated the dependence of the threshold of damage induced by ultrashort pulses
on the band gap of the materials. For that purpose we measured the damage threshold of
single layer coatings of Nb2O5, Ta2O5 and SiO2. The respective band gaps and refractive
indices of these materials are given in Table 6.2. Additionally, single layer mixtures of
Ta2O5 and SiO2 in ratios 80 : 20 and 90 : 10 were also measured. The optical breakdown
thresholds of single layer depositions are shown in Fig. 6.3.
Material Eg (eV) n0
Nb2O5 3.4 [121] 2.25
Ta2O5 3.8 [68] 2.10
SiO2 8.3 [68] 1.45
Table 6.2: Band gap energies (Eg) and refractive indices at 800 nm (n0) of the investigated
materials.
It must be noted that the samples coated using mixtures—Ta2O5 80 % and Ta2O5 90 %—
were produced by simultaneous sputtering of pure targets of Ta2O5 and SiO2 at different
rates in order to obtain the desired proportion. The dielectric response of these mixtures
can be described by applying an effective-medium approximation which is valid if the wave-
length is much larger than the grains of pure material in the mixture [70]. The effective
band gap of such compound material increases with increase of the concentration of SiO2.
Thus, for example, a single layer of Ta2O5 80 % has larger band gap than a single layer of
Ta2O5 90 %.
As evident from Fig. 6.3, for ultrashort pulses the laser-induced damage threshold is
proportional to the band gap of the material. This is in agreement with previously reported
results by others [68, 113]. Also, the values of the threshold fluences for the fused silica
substrate and deposited single layer of SiO2 were close to each other, suggesting good
quality of the deposition process.
6.3.2 Dispersive mirrors versus their high-index materials
Based on the results obtained for single layers, given in Section 6.3.1, one can draw a
conclusion that in a multilayer thin-film structure the high-index layers are the weak spot
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Figure 6.3: Threshold fluences of single layer depositions and fused silica substrate.
of a layer stack in terms of damage threshold. Therefore we measured and compared the
damage threshold values of various dispersive mirrors produced using the same high-index
materials, but with different designs. They were also compared to the damage threshold of
a single layer of the high refractive index material used to compose that set of dispersive
mirrors.
Figure 6.4 shows two sets of such comparisons. Nb2O5 was used in the dispersive
coatings shown in Figure 6.4(a), whereas Ta2O5 was used for the coatings shown on Fig-
ure 6.4(b). As seen in the figure, the damage threshold of the dispersive coatings is close
to that of a single layer of the respective high refractive index material used. In the case
of Nb2O5 the breakdown threshold of the single layer coating was actually a bit lower than
that of dispersive mirrors employing that material. One of the reasons for that might be
the lower quality substrate used for that particular coating.
Each of the mirrors shown in Figure 6.4 was intended for a different experiment than the
others, meaning that each had a separate combination of reflectivity bandwidth, central
wavelength and GDD. For instance, the “PC” mirrors have been designed to support
broad spectral bandwidth and function by employing mainly the wavelength dependent
penetration effect described in Section 3.1. In contrast, the “HD” mirrors support a narrow
bandwidth of only few tens of nm and exploit dominantly the resonance effect to reach high
values of GDD per reflection. As shown in Fig. 3.2 in Section 3.1, the resonance effect results
in field enhancement inside the multilayer stack for the resonance frequency. Furthermore,
there are major differences between the members of each mirror family: mirrors PC60 S
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Figure 6.4: Comparisons between: (a) a single layer of Nb2O5 and dispersive coatings
employing Nb2O5 as high- and SiO2 as low index materials, respectively; (b) a single layer
of Ta2O5 and dispersive coatings of Ta2O5/SiO2.
and PC60 L constitute a complementary pair1, whereas PC49 C is a standalone dispersive
mirror. We studied mirrors with so much different layer compositions to illustrate the
dependence of LIDT on the electric field distribution.
On one hand, each of the studied dispersive mirrors had unique layer structure and
therefore unique electric field distribution for the central frequency. On the other hand,
all dispersive mirrors made with the same pair of materials have demonstrated similar
LIDT. Therefore, it would be easy to conclude that the LIDT of dispersive mirrors in
the femtosecond regime does not depend on the electric field distribution. The problem
with this picture is that a Gaussian pulse as short as 30 fs must have spectrum spanning
more than 14.6 THz, while the electric field distribution inside a dispersive mirror can vary
significantly for two separate frequencies from such bandwidth. In fact, dispersive mirrors
work thanks to the different pathways of different frequencies (Fig. 3.3). Clearly, this
invalidates the single frequency approximation. Instead, the LIDT of dispersive mirrors
should be studied as a function of time-domain electric field distribution.
6.3.3 QWOT stacks versus their high-index materials
It was shown in Section 6.3.1 that the damage threshold scales with the band gap of the
material and the results presented in Section 6.3.2 suggest that the damage threshold of a
dispersive coating is constrained by the band gap of the high-index material. By mixing
two materials during the deposition process, however, one can obtain layers with custom
1The complementary mirror pair approach to dispersion compensation is discussed, e.g., in Ref. [122].
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refractive indices and respectively, band gaps. Thus, it would be of interest to see if the
damage threshold of a layer structure as a whole can be influenced by using a mixture of
materials for the high-index layers.
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Figure 6.5: Threshold fluences of QWOTs compared to that of single layer depositions of
different high-refractive index materials.
In order to estimate the effect of mixing the high refractive index material (in this case
it was Ta2O5) with SiO2 on the damage threshold of standard QWOT stacks, we coated
designs where the initially pure high refractive index material was mixed with SiO2. Then
we measured the LIDT of this special coating and compared it with the LIDT of a QWOT
consisted of layers of pure Ta2O5 and SiO2.
In Figure 6.5 the threshold fluences of two QWOT stacks, i.e. HDT1 and HDT2, are
compared with the single layers of the corresponding high index materials (Ta2O5 80 %
and Ta2O5).
Two observations could be made here. First, the produced high reflectors have damage
thresholds close to that of the respective high-index materials which are used for their
production. Second, comparing the threshold fluences of the two QWOT stacks, it can be
seen that the one employing the Ta2O5 80 % mixture as high index material, i.e. HDT1,
has about 20 % larger damage threshold. Such improvement of the breakdown threshold
of a thin-film structure by mixing the high index material with SiO2 has been reported
previously [70, 123].
However, the refractive index of the mixture becomes smaller as the concentration of
SiO2 in it increases, which effectively reduces the contrast ratio between the refractive in-
dices of Ta2O5 and SiO2. In turn this affects the achievable performance such as reflectivity
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bandwidth and GDD. Thus, the approach of mixing the high refractive index material with
SiO2 can be applied only to some certain extent and only in cases, where the application
does not impose great demands on the performance of the coating.
6.3.4 Metal versus dielectric mirrors
It is often thought in high-power laser community that metallic mirrors have damage
threshold of about an order of magnitude lower compared to dielectric ones. That way of
thinking comes from experience with pulses longer than some tens or hundreds of picosec-
onds. Indeed, in that regime, metal mirrors damage much earlier than dielectric ones [124].
However, this might not be the case in the ultrafast regime when the pulse duration is of
the order of tens of femtoseconds.
To test if such a dramatical difference in damage thresholds of metallic and dielectric
mirrors still holds for femtosecond pulses, we measured both types of mirrors in our set-up.
A comparison between the optical breakdown thresholds of metal and dielectric coatings
is shown in Figure 6.6.
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Figure 6.6: Comparison between the threshold fluences of metal and dielectric mirrors.
As evident from our measurements with femtosecond pulses the damage threshold of
metallic mirrors was found to be comparable and in fact very similar to the damage thresh-
old of dielectric mirrors. This small difference between damage thresholds of both types
of coatings was an important finding, because previous studies of laser-induced damage
for pulse duration in the order of 0.1 ns show a significantly larger difference between the
breakdown thresholds of metals and dielectrics [124].
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The reason why the difference in LIDT between metal mirrors and dielectric ones be-
comes smaller at shorter pulse durations, must be related to the different damage mecha-
nisms of the two types of material. While the breakdown in metals is caused by absorption
of laser light, heating up, and subsequent melting, the breakdown in dielectrics is more
complicated and involves initial ionization until a critical density of electrons in the conduc-
tion band is reached. The possible mechanisms of ionization include MPI, tunneling, and
avalanche ionization. As shown in Section 2.3, Eq. (2.36), the critical density of electrons
in the conduction band depends on the frequency of the laser field and on the effective
electron mass in the dielectric. For fused silica at 800 nm, the critical density is of the
order of 1021 cm−3. When it is reached, the plasma frequency becomes equal to the laser
frequency and the formed plasma starts to absorb strongly the incident light leading to
ablation. Peak intensities sufficient to reach the critical density of electrons in the conduc-
tion band are attained at much higher fluences for pulse durations of the order of 100 ps
or longer than for pulse durations of the order or 30 fs. On the other hand, metals absorb
the same fraction of the laser fluence disregarding the pulse duration. Because of this, the
LIDTs of metal and dielectric mirrors differ much less when measured with femtosecond
pulses than when they are measured with pulses in the order of hundreds of picoseconds.
6.3.5 Precision of the damage threshold measurements
The measurements were conducted in different sessions spread across several months. By
the date of writing, the laser system was still under development and in order to operate
properly, alignment adjustments were required on a daily basis. Such realignments led
to a slightly different path of the beam in the damage threshold set-up, which in turn
meant that our set-up had to be aligned before each measurement session. All of the
above resulted in slightly different calibration parameters and focus position, leading to a
systematic day-to-day error of up to 10 %.
6.4 Conclusion
This Chapter presents a systematic study of dispersive mirrors in terms of femtosec-
ond LIDT. The LIDT measurements were carried out using 30 fs pulses coming out of
a Ti:Sapphire system with spectrum centered at 790 nm and repetition rate of 500 Hz. The
laser beam was focused down on the samples to a relatively large spot size of 140 µm. The
experimental set-up and the measurement procedure were described in detail, allowing one
to trace and understand how the results were obtained.
The LIDT of various single layer metal and dielectric coatings, QWOT stacks, as well
as a number of dispersive mirrors were measured and compared. The damage threshold of
single layer dielectric coatings was found to be dependent on the band gap of the material
used. Both QWOT stacks and dispersive coatings had damage thresholds close to that
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of a single layer of the high index material used for the respective coating. In addition,
using layers of a mixture between a high-index material (Ta2O5) and a low-index material
(SiO2) was found to increase the LIDT of the coating. Finally, the difference between the
breakdown thresholds of metal mirrors with respect to that of dielectric ones was found to
be much smaller compared to previous measurements, conducted with nanosecond pulses.
On one hand, both dispersive coatings and QWOT stacks have damage thresholds close
to the damage threshold of a single layer of the used high-index material, on the other hand
the LIDT of single layers was found to be proportional to the band gap of the material.
Therefore in order to increase the LIDT of the coating, one has to choose materials with
broad band gaps. However, materials with broader band gaps have lower refractive indices
and the usage of such materials in a thin-film coating results in lower refractive index
contrast and therefore in lesser achievable combination of bandwidth, reflectance and dis-
persion. Hence a compromise must be sought and mixing the high-index material with a
low-index material would allow one to fine-tune the band gap and thus to obtain the right
balance between the LIDT of a multilayer thin-film coating and its performance.

Chapter 7
Picosecond optical breakdown at
MHz and kHz rates
The weakest parts of ultrafast laser systems with respect to laser-induced damage are
often the multilayer mirrors. This fact has motivated extensive studies of ultrashort-pulse-
induced optical breakdown of thin-films [66, 68–70, 72, 73]. All of them have been carried
out by measuring the damage threshold at a low average power, either in single-shot mode
or by using a pulse train at a kHz repetition rate.
However, recently developed oscillators and amplifiers, based on fiber [41], innoslab [42,
43], and thin-disk technology [44–46], are capable of generating subpicosecond pulses with
energies of several tens of µJ at repetition rates of more than 10 MHz, resulting in several
hundreds of watts of average output power and multiple megawatts of peak power. Optical
damage is among the challenges towards scaling up the power of such systems. Moreover,
their output is often intensified further in regenerative amplifiers [47], OPA stages [48],
and inside enhancement cavities [50, 51]. The latter can reach average intracavity power of
several tens of kW, which is limited by the damage threshold of optical coatings [50, 52].
The straightforward way to deal with optical breakdown is to increase the beam size.
However, that requires larger optics and increases the overall footprint of the system, hence
the costs rise substantially. In addition, the larger the size of the optics, the more difficult
it becomes to provide uniform surface quality. Furthermore, the damage threshold of the
whole optical element is as low as the damage threshold of its weakest spot. Thus, before
undertaking the approach of increasing the size of the optical components, it would be
beneficial first to try to increase their damage threshold. It is essential, therefore, to study
the ultrafast damage behavior of thin-films not only in the single-shot and kHz repetition
rate regimes, but also for MHz repetition rates at high average power.
In this chapter, we explore the dependence of MHz ultrashort pulse damage threshold of
multilayer thin-films on the band gap and on the electric field distribution. We demonstrate
that by suppressing the electric field in high-index layers and shifting its maxima to low-
index layers the damage threshold can be increased by 30 %. We also give a criterion for
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optimal electric field distribution. In addition, we compare the results obtained at MHz
rate with measurements performed at kHz repetition rate. This will allow us to study any
possible influence of thermal or other incubation effects related to the high repetition rate,
which might play an essential role in MHz-rate laser-induced damage.
Part of the research presented in this chapter, namely the part on MHz-rate optical
breakdown was published in Ref. [125].
Sample Materials Design Process Layers
High-reflectors (R > 99.9 %):
TiO2 TiO2/SiO2 QWOT EB 33
Ta2O5 Ta2O5/SiO2 QWOT EB 35
HfO2 HfO2/SiO2 QWOT EB 43
Al2O3 Al2O3/SiO2 QWOT MS 71
NBP filters:
C-TiO2 TiO2/SiO2 NBP EB 33
C-Ta2O5 Ta2O5/SiO2 NBP EB 35
C-HfO2 HfO2/SiO2 NBP EB 43
EFI coatings:
EFI-TiO2 TiO2/SiO2 EFI EB 33
EFI-Ta2O5 Ta2O5/SiO2 EFI EB 35
Table 7.1: General description of samples studied with picosecond pulses. The narrow-
band pass (NBP) samples were designed to have enhanced electric field inside a high-index
layer and were expected to have lower LIDT. Contrariwise, the electric field optimized
(EFI) samples were designed with a suppressed electric field inside the high-index layers
with intention to increase their LIDT. All of the investigated coatings were prepared using
EB, except for the Al2O3 QWOT stack for which MS technique was used.
7.1 Samples
We investigated the laser-induced damage of three different sets of samples, summarized in
Table 7.1. All of them were multilayer thin-film compositions, where SiO2 was used as the
low-index material in each coating and the high-index material was TiO2, Ta2O5, HfO2, or
Al2O3.
The first set consisted of QWOT stacks made using SiO2 and one of each of the afore-
mentioned high-index materials. A typical design of a QWOT stack can be represented by
the formula:
(HL)mH, (7.1)
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Figure 7.1: (a) and (b): Layer thickness profile of a QWOT stack of Ta2O5/SiO2 (a) and
of a layer stack of Ta2O5/SiO2 with reduced electric field intensity (EFI) inside the Ta2O5
layers (b). (c) and (d): Electric field distributions inside of (a) and (b), respectively. The
electric field inside L and H layers is represented accordingly by green and red sections,
whereas the field in the incident medium is colored in blue.
where m = 17, and H and L denote high- and low-index layers respectively. The layer
thickness profile of this 35-layer QWOT stack of Ta2O5/SiO2 is given in Fig. 7.1(a) and the
electric field distribution inside such stack is given in Fig. 7.1(c). To check whether thermal
effects play an important role in the ultrashort-pulse damage process at high repetition
rate, we measured absorption and the total losses of the QWOT samples (Fig. 7.2). The
absorption was measured using a calorimetric approach [110] (see Section 4.3), whereas the
total losses were measured using a cavity ring-down technique [108, 126] (see Section 4.2).
The second set contained NBP 33-layer filters, described by the formula:
(HL)n2H(LH)n, (7.2)
where n = 8. The only difference between the QWOT stacks and the NBP filters was
a cavity high-index layer in the middle of the stack with half-wave optical thickness. At
the central wavelength the electric field inside the cavity layer is significantly enhanced.
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Figure 7.2: Absorption and total losses of the QWOT stacks, on which damage threshold
measurements were performed.
Therefore, these NBP samples were expected to have lower damage threshold than the
QWOT stacks made of the same pair of materials.
The samples in the third set were designed in such way that the electric field within
the high-index layers was suppressed and its maxima were shifted to the low-index layers
(Fig. 7.1(d)). Dielectric thin-film structure with such electric field distribution was ex-
pected to have higher damage threshold than a QWOT, since materials of lower refractive
index materials have broader band gaps and previous studies in the ultrashort pulse regime
have shown that the breakdown threshold of dielectrics scales with their band gap [68]. The
design of these EFI coatings was found numerically by using the commercially available
software OptiLayer [127] The resulting layer thickness profile is displayed in Fig. 7.1(b)
and its electric field distribution is depicted in Fig. 7.1(d). The obtained EFI design was
rather similar to another one, which was retrieved by an analytical approach to the same
problem [128].
7.2 Measurement set-up and laser sources
Set-up
The set-up used for damage threshold measurements with picosecond pulses is depicted
in Fig. 7.3. The intensity of the incoming beam was controlled by rotating a half-wave
plate mounted on a motorized stage and a thin-film polarizer. A small portion of the beam
was then deflected to a calibrated photodiode, allowing us to measure in situ the incident
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power. The main part of the beam was focused on the sample down to 25 µm in diameter
measured at level 1/e2 from the peak intensity, using an antireflection coated spherical lens
with 70 mm focal length. A second photodiode was placed near the sample to monitor the
light scattered off its surface. An abrupt change in the scattering behavior of the sample
was used as an indicator of damage. This method has been applied successfully in the
past [112, 114] and is one of the damage detection methods recommended by ISO 21254-
4:2011.
Figure 7.3: Measurement set-up: PD – photodiode, λ/2 – half-wave plate, TFP – thin-film
polarizer.
The sample was placed in the focal plane of the laser beam in such way that an undam-
aged site was irradiated and the light scattered off the sample was monitored for a certain
time interval (typically a second). Then the fluence was increased and the scattered light
was measured again for the same period of time, while illuminating the same spot on the
sample. That routine was iterated until a rapid increase of the scattered light occurred,
which designated damage.
It is worth noting that the measurement procedure described in the previous paragraph
differs from the recommended by ISO 21254:2011, where the laser beam is positioned on a
separate site on the sample for each fluence value. This is done in order to avoid various
incubation effects [67]. Since in our case more than 11 million pulses hit the sample each
second and incubation effects are part of the damage process anyway, for the sake of
simplicity we chose not to comply with ISO 21254:2011. However, the detailed description
of the measurement procedure and the set-up allows the reproduction of the obtained
results.
Laser source working at MHz repetition rate
In order to explore the ultrafast damage behavior of multilayer thin-films at MHz repetition
rate and high average power, we used a mode-locked Yb:YAG thin-disk oscillator operating
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Figure 7.4: Autocorrelation trace of a pulse generated by 11.5 MHz mode-locked Yb:YAG
thin-disk oscillator. (Reprinted from [49])
at wavelength of 1030 nm and repetition rate of 11.5 MHz. It delivered pulses with energy
of 5µJ and pulse duration of about 1 ps (Fig. 7.4). The resulting maximal average power
was equal to 56 W. The laser system is described in more detail in Refs. [49, 129].
Laser source at kHz repetition rate
The high average power at MHz repetition rate posed the question what role the thermal
effects play in the mechanisms of optical damage in this regime. To investigate this, it was
necessary to carry out measurements at a lower repetition rate, while keeping the other
laser parameters, such as pulse duration and wavelength, similar. One way to achieve this
would be to use a pulse picker to select a single pulse out of hundreds or thousands of
pulses. However, such device was not available for our MHz laser system. Instead, the set-
up was moved to a different laboratory, where a 5 kHz laser system operating at 1030 nm
was used as source. It delivered multiple mJ, and only a small fraction of the available
power was sufficient to perform the damage threshold measurements. The temporal shape
and phase of the pulses were measured using a frequency-resolved optical gating (FROG)
technique [130], and are given in Fig. 7.5. The flat phase over the intensity distribution
shows Fourier-limited pulse duration of 1.4 ps.
The damage threshold measurements at kHz rate were performed on the same sam-
ples measured at 11.5 MHz repetition rate. The different sample sets are described in
Section 7.1.
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Figure 7.5: Temporal intensity profile (green color) and temporal phase (orange dashed
curve) of the pulses generated by the kHz laser system measured using a FROG tech-
nique [130]. The green dots represent measurement data, and the green curve is a Gaussian
fit.
7.3 Results and discussion
It has been shown previously that for pulse durations τ below ten picoseconds the laser-
induced damage in dielectrics departs from being thermally-dominated and is instead initi-
ated by a combination of multiphoton, tunneling and avalanche ionisation mechanisms [62].
Therefore here we refer to pulses shorter than 10 ps as ultrashort pulses.
In the ultrashort pulse regime, the damage threshold was found to scale linearly with the
band gap of the material [68]. On the other hand, for materials with negligible absorption
the real part of the dielectric function, i.e. the refractive index, is inversely proportional
to the band gap [131]. Therefore, one can expect that the damage threshold of a QWOT
stack is constrained by the breakdown threshold of its high-index material.
Figure 7.6(a) displays the damage threshold fluence of QWOT stacks employing differ-
ent high-index materials versus the band gap of the respective material. The error bars
represent experimental error of 10 % for the obtained damage threshold values. The band
gaps of Ta2O5, HfO2, and Al2O3 were taken from [72], whereas the band gap of TiO2 was
found in [132]. Evidently, even though the breakdown threshold of a quarter-wave stack
scales to some extent with the band gap of its high-index material, the dependence is non-
linear. Note, however, that these fluence values were calculated at the front surface of the
sample, without taking into account the electric field distribution inside the QWOT stack
(Fig. 7.1(c)). If we take that into consideration, we will obtain threshold fluence values,
which are characteristic for the layers themselves. We call this “internal” threshold fluence
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Figure 7.6: Damage fluences of different QWOT stacks versus band gap of the respective
high-index materials. The measured damage fluences of the samples do not scale linearly
with the band gap (a). However, if the electric field distribution inside of the QWOT stacks
is taken into account (b), the resulting “internal” damage fluences follow a linear dependence
on the band gap. The green color relates to measurements made at kHz rate, whereas the
red color relates to measurements at MHz rate; all other measurement parameters were
kept similar. The dashed black lines mark the photon energies at 1030 nm and 515 nm, as
denoted.
for layer X:
FXint =
∣∣∣∣EXmaxEinc
∣∣∣∣2 Fext. (7.3)
Here Fext is the measured threshold fluence on the front surface of the sample, Einc is the
magnitude of the incident electric field and EXmax is the magnitude of the maximal electric
field inside layer X.
In the case of QWOT stacks where the peaks of electric field are positioned on the
boundaries between layers (Fig. 7.1(c)), the limiting factor is the internal damage threshold
of high-index layers FHint, because of their narrower band gap compared to low-index layers.
In addition, it can be shown by writing the characterization matrix for a QWOT stack that,
at normal incidence, the height of the peak on the first boundary between H and L layers
is inversely proportional to the square of the refractive index of the H material. After we
make a correction in accordance with Eq. (7.3) and with respect to the high-index layers,
plotting the internal threshold fluence versus the band gap of the high-index material
reveals a clear linear dependence (Fig. 7.6(b)). This is despite the fact that the Al2O3 and
the Ta2O5 samples had absorption of 40 ppm, while the absorption of TiO2 was 160 ppm
and that of HfO2 was 100 ppm (Fig. 7.2), that is there was up to a factor of four difference
in absorption of the samples. Similarly, there was difference in total losses of up to a factor
of two.
A couple of observations can be made here. First, it is evident that although the
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damage threshold does depend on the band gap of the material (Fig. 7.6(b)), there is a
certain point beyond which the damage threshold of the whole QWOT stack (Fig. 7.6(a))
cannot be increased any more merely by choosing a high-index material with a broader
band gap. Second, even though the different samples absorbed a different amount of the
incident light, in some cases by a factor of four (Fig. 7.2), a linear scaling of damage
threshold with respect to the band gap of the high-index material could be observed.
This is a strong indication that even at MHz repetition rates and at large average power
(some tens of watts), thermal effects do not constitute an important part of the damage
mechanism in the ultrashort pulse regime (τ < 10 ps).
Ideally, we would like to compare the damage threshold values obtained at 11.5 MHz
repetition rate with ones retrieved by using a laser beam with a kHz repetition rate and
otherwise similar parameters to ours (i.e., wavelength, pulse duration, and focal spot size).
Evidently, the band gap dependence of the measured (or “external”) damage threshold
at kHz rates follows a similar trend as in the MHz regime (Fig. 7.6(a)), but the thresh-
old fluences of most samples are higher. Naturally, the internal damage threshold val-
ues of Ta2O5, HfO2, and Al2O3 measured at kHz rate are also higher than at MHz rate
(Fig. 7.6(b)). This is not the case for the sample made with TiO2, which surprisingly
shows lower damage threshold at kHz rate than at MHz rate, even though near the error
bar. Despite this fact, together with the other kHz rate measurements, it forms a linear
dependence, which is notably steeper than the linear dependence formed by the MHz rate
measurements. Moreover, it crosses the abscissa at a different point. Understanding the
meaning of this result requires further experimental and theoretical investigation.
An interesting fact to point out is that the linear dependence obtained for 11.5 MHz
crosses the abscissa at 1.2 eV, which is close to the photon energy at 1030 nm. On the other
hand, the photon energy at 515 nm is 2.4 eV, which is within the error bar of the point
where the linear band-gap dependence obtained at 5 kHz crosses the abscissa (2.22 eV).
Further investigation is required to determine whether these observations have any physical
meaning.
The comparison of the damage threshold values of QWOT stacks with the corresponding
threshold values of the NBP filters is given in Fig. 7.7. As explained in Section 7.1, there is
a field enhancement inside of the cavity high-index layer of the NBP filter. It is illustrated
in Fig. 7.7(a) that the MHz LIDT of such coating is lower than that of a QWOT stack
with the same high-index material. This provides additional evidence that the distribution
of electric field inside the multilayer coating plays an important role in determining its
optical resistance.
In contrast to the MHz regime, the damage threshold values of the NBP filters at kHz
rate are similar to the respective damage fluences of QWOT stacks (Fig. 7.7(b)). In fact,
within the experimental error they are identical. At first glance this finding implies either
that the NBP filters have lost their field enhancement properties, which are inherent to
their structure; or that the damage threshold is not influenced significantly by the electrical
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Figure 7.7: Damage threshold values of QWOT stacks and NBP filters made of different
high-index materials measured: (a) at MHz rate and (b) at kHz rate.
field distribution in this regime. The latter contradicts a number of studies [128, 133, 134],
as well as the expectations based on our results at MHz rate (Fig. 7.7(a)). Since the
resonance spectral range of the NBP filters is less than a couple of nanometers wide, it is
easily possible that the kHz measurements had been performed out of the resonance of the
NBPs and hence without enhancement. In any case, further investigations are required to
confirm or discard any of these two hypotheses.
It should be noted that due to high sensitivity to deposition errors of the NBP design,
the actual distribution of electric field inside the produced coating may deviate substan-
tially from the theoretical one. Thus, no efforts were made to estimate the internal damage
fluence of these coatings in analogy to Fig. 7.6(b) and according to Eq. (7.3). Nevertheless,
Fig. 7.7(a) provides evidence that the damage threshold of dielectric stacks at pulse dura-
tions of 1 ps is dependent on the electric field distribution even at high average power. We
explored that dependency to find out whether it can be exploited to improve the damage
threshold of our highly reflective coatings and to what extent.
Since in the ultrashort pulse regime the damage behavior of thin-films is mainly dictated
by intrinsic material properties [68], the damage threshold itself can also be regarded as
an intrinsic property of the thin-film material at a particular combination of wavelength
and pulse duration. That is, an assumption can be made, that the threshold fluence of the
high-index material FHint is a characteristic property of that material and is not dependent
on defects and impurities. Of course, the same also holds for the threshold fluence of the
low-index material FLint. From that and from Eq. (7.3) it follows that the damage threshold
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of the whole thin-film stack Fext is governed by
Fext = min
{∣∣∣∣ EincEHmax
∣∣∣∣2 FHint, ∣∣∣∣ EincELmax
∣∣∣∣2 FLint
}
, (7.4)
where ELmax is the magnitude of maximum electric field in the low-index material. This
expression implies also that if the electric field inside the high-index material is low enough,
the electric field inside the low-index material becomes the limiting factor. One can see
from Eq. (7.4) that the damage fluence of the assembly Fext has maximum when∣∣∣∣EHmaxELmax
∣∣∣∣2 = FHintFLint . (7.5)
To verify that experimentally, we prepared the so-called EFI coatings. A typical EFI
design is given in Fig. 7.1(b) and the corresponding field distribution is shown in Fig. 7.1(d).
Samples with such designs were manufactured using TiO2 and Ta2O5 as high-index ma-
terials. Their damage thresholds at MHz rate are compared with QWOT stacks of the
respective materials (Fig. 7.8(a)). In both cases an improvement of about 30 % was ob-
tained.
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Figure 7.8: Damage threshold values of EFI and QWOT stacks measured: (a) at MHz
repetition rate and (b) at kHz repetition rate.
The damage fluences of EFI structures, like the one shown in Fig. 7.1, made of TiO2
and Ta2O5 were measured also at 5 kHz. In Fig. 7.8(b) the results are compared to the
respective damage threshold of QWOT stacks made of the same high-index materials.
The TiO2 samples behaved in a similar way as in the MHz case: the EFI design showed
about 30 % higher damage threshold than its QWOT counterpart. However, the situation
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was reversed in the case of Ta2O5: the QWOT stack demonstrated 30 % higher damage
threshold than the EFI. Most likely, this inconsistency is related to the different slope of
the band gap dependence measured at kHz rate (Fig. 7.6(b)). For instance, due to the
aforementioned slope difference, the ratio between the internal damage fluences FHint and
FLint is different for kHz rate than for MHz rate, resulting in different optimal condition
(Eq. (7.5)). Another suspect for the disagreement in Fig. 7.8 is the fundamental cause
standing behind the slope difference itself, a cause, which in turn is not understood at
present. At any rate, to identify the reason for this discrepancy more measurements need
to be performed both in the kHz and the MHz regimes.
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Figure 7.9: Theoretical GDD of a QWOT stack and an EFI design around the central
wavelength.
Although the EFI coatings generally offer high LIDT, their dispersion properties of
the EFI are unfavorable to ultrashort pulses, as such coatings would introduce a relatively
large amount of GDD, as well as dispersion of higher orders (Fig. 7.9). These will lead to
pulse broadening and the formation of sideband pulses, respectively.
Another interesting example is the damage threshold of the “low-index layer on top
(LOT)” design. A LOT design is just like a QWOT stack, but as its name suggests, on top
of the stack there is an additional low-index layer, which has thickness of a half QWOT,
i.e.:
(HL)mH(L/2). (7.6)
Figure 7.10 compares the damage threshold of a LOT to a QWOT stack, both made
with TiO2 as high-index material. It demonstrates a factor of two improvement with
respect to the simple QWOT stack. This improvement cannot be attributed to different
electric field distribution, because the L/2 layer on top of the dielectric stack modifies the
distribution of electric field only slightly, and does not reduce it by a factor of two in the
first H layer.
The increased optical resistance of the mirror due to the overcoating low-index layer
can be explained by the fact that the high-index layer is not at the surface of the thin-
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Figure 7.10: Comparison of LOT and QWOT designs made with TiO2 as high-index
material.
film assembly, but instead it is inside the layer structure. It is well known that optical
breakdown occurs at a lower threshold at the surfaces than in the interior [84]. Since the
low-index material has broader band gap and thus higher LIDT, the overcoating L/2 layer
can serve to increase the damage threshold of the mirror.
7.4 Conclusion
We have investigated the damage threshold of three different types of coatings made with
either TiO2, Ta2O5, HfO2, or Al2O3 as high-index material, whereas SiO2 was used as
low-index material. The measurements were carried out using a mode-locked Yb:YAG
thin-disk oscillator generating at a central wavelength of 1030 nm pulses with duration of
1 ps and energy of 5 µJ at a repetition rate of 11.5 MHz, resulting in 56 W average power.
The results have been compared with measurements performed at kHz repetition rate,
using an Yb:YAG thin-disk regenerative amplifier. It delivered multi µJ, 1.4 ps pulses at
wavelength of 1030 nm. In both regimes, the beam has been focused down to a spot 25 µm
in diameter.
We have shown that the damage fluence of QWOT stacks scales linearly with the band
gap of the used high-index material, if the damage threshold is normalized with respect
to electric field. This suggests that thermal effects do not play a significant part in the
ultrashort pulse damage mechanism even with high-average power at MHz repetition rate.
This conclusion is complemented by the fact that the linear band gap dependence has not
been affected by the different absorption of the samples. Still, the LIDT values obtained
at MHz rate scaled differently with band gap with respect to kHz measurements.
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Further proof of the importance of the electric field distribution to the ultrafast optical
breakdown at MHz is given by NBP filters, where the electric field inside a high-index
layer was enhanced. The enhanced electric field effectively reduced the damage threshold
of these structures. This dependence on electric field was exploited to produce highly
reflective coatings with higher optical resistance by suppressing the electric field inside
high-index materials and shifting its maxima to the low index materials. Additionally, a
condition for optimal field suppression has been also given. In contrast to the MHz regime,
the measurements at kHz rate have shown that the EFI sample coated with Ta2O5 as high-
index material had lower LIDT than a QWOT stack made of the same pair of materials.
This might be connected to the different band gap dependence in this regime.
Chapter 8
Conclusion and outlook
Conclusion
Two of the major challenges towards generation of ultrashort pulses with high intensity are:
(i) accurate dispersion control over broad spectral bandwidths; (ii) laser-induced damage
of the optics. While the first problem has often been tackled using dispersive mirrors,
this thesis has attempted to address the second problem by investigating the femtosecond
laser-induced damage of dispersive mirrors, as well as that of other multilayer coatings.
In addition, a new method for dispersion characterization of multilayer mirrors has been
developed.
The newly developed technique for dispersion measurements—RSI—is based on Fabry-
Pe´rot and Gires-Tournois interferometry and follows a concept suggested originally by
Osvay et al. [101]. The necessity to determine the spacer thickness and the relatively
low spectral as well as GD resolution are major drawbacks of the method described in
Ref. [101]. In contrast to their stationary interferometer, we have processed simultaneously
the transmission or reflection spectra for many different inter-mirror spacer widths. This
has allowed us to exclude the spacer thickness from data evaluation and to obtain resolution
superseding not only the method described in Ref. [101], but also the resolution of WLI.
RSI is expected to facilitate the development of dispersive mirror technology.
In addition to dispersion, we have also systematically studied the femtosecond laser-
induced damage of dispersive mirrors. The LIDT measurements have been performed using
30 fs at 790 nm central wavelength and following at repetition rate of 500 Hz. The samples
have been of three main types: (i) a variety of single-layer metal, as well as dielectric
coatings; (ii) QWOT stacks of different high-index materials; (iii) dispersive mirrors of
highly different designs: each design has been tailored to suit a different application.
On one hand, the LIDT of single-layer dielectric coatings has been found to scale with
the band gap of the coated material. On the other hand, although being very different
in terms of design, all dispersive mirrors and QWOT stacks made of the same high-index
material have shown similar LIDT to a single-layer coating of that material. Thus, the
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femtosecond LIDT can be increased by choosing materials with wider gap. However,
materials with wider gap have lower refractive indices and choosing such materials results
in a lower refractive index contrast ratio. This in turn limits the performance of the mirror
in terms of bandwidth, reflectance and dispersion. An optimal balance between LIDT
and performance of a multilayer thin-film can be obtained by tuning the band gap of the
high-index material by mixing it with the low-index material.
Another intriguing finding in the femtosecond regime has been the fact that metal
mirrors had similar LIDT to dielectric mirrors.
In view of state-of-the-art ultrafast laser systems, which are able to generate multi µJ
pulses at high repetition rates, we have also studied the ultrafast optical breakdown of
multilayer thin-films at MHz repetition rate and high average power. The LIDT of three
different types of coatings has been measured. All samples have been coated with either
TiO2, Ta2O5, HfO2, or Al2O3 as high-index material and with SiO2 as low-index material.
The LIDT results obtained at MHz repetition rate have been compared with measurements
carried out using a kHz laser system with otherwise similar parameters.
We have demonstrated that if the LIDT of QWOT stacks is normalized with respect to
the maximal electric field distribution inside the layer stack, it scales linearly with the band
gap of the high-index material. This indicates that thermal effects do not play a decisive
role in the ultrafast optical breakdown even at high average power and MHz repetition rate.
This conclusion is emphasized by the fact that the linear absorption of the studied QWOT
stacks varied substantially without affecting the linear band gap dependence. However,
the measurements performed at kHz rate showed a band gap dependence that was steeper
and crossed the abscissa at a higher value than its MHz counterpart.
An additional indication that the electric field distribution is of significance to the
ultrafast MHz laser-induced damage has been given by NBP filters. In these structures the
electric field inside a high-index layer was enhanced and the LIDT of NBP filters was lower
than QWOT stacks. The LIDT dependence on electric field distribution has been utilized
to obtain high-reflective coatings with superior optical resistance. This has been achieved
by modifying the layer stack of certain samples (EFI) in such way that the electric field
inside the high-index material has been reduced and its peaks have been shifted to the
wider gap low-index material. However, while in the MHz regime all EFI samples have
shown 30 % higher LIDT with respect to QWOT stacks, this has not been the case in the
kHz regime. The EFI sample made using Ta2O5 as high-index material has demonstrated
lower LIDT than its QWOT counterpart. This might be related to the different slope of
the band gap dependence or to the phenomenon which underlies it.
Outlook
The comparison of optical breakdown thresholds obtained at kHz and MHz repetition
rates has left open some intriguing questions. Perhaps the most interesting among them
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are posed by the finding of different band gap dependencies measured at kHz and MHz
repetition rate: why does the LIDT at MHz rate scale with the band gap differently than
at kHz rate? Why at kHz rate the band gap dependence is steeper than at MHz rate,
and not vice versa? And, is it a mere coincidence, or is there a physical meaning behind
the fact that the MHz gap dependence crosses the abscissa at about the photon energy of
the fundamental frequency, and the kHz dependence—at about the photon energy of the
second harmonic? What does all of it mean physically?
Although we ask these questions regarding the laser damage mechanism in some par-
ticular regimes, the answers might be relevant to the physics of laser-matter interactions.
These answers can be sought by performing additional measurements outside the inves-
tigated band gap regions and by building a theoretical model around the gathered data.
In addition, it might be beneficial to apply the tools of attosecond transient absorption
spectroscopy to identify and study the phenomena responsible for this behavior of MHz
and kHz optical breakdown.
Another question left open by the comparison of LIDT at different repetition rates
concerns the reason for the different behavior of EFI samples in these two regimes. The
answer might be related to the different band gap dependencies discussed above, but cer-
tainly more measurement data is necessary in order to find out.
One area in the femtosecond optical breakdown of dispersive mirrors has remained
largely unexplored. That is the dependence of LIDT on the time-domain electric field
distribution inside the multilayer stack. Investigation in this direction will reveal if the
LIDT of dispersive mirrors can be increased by modifying the multilayer structure, while
using the same constituent materials.
The RSI technique for dispersion measurements has demonstrated promising initial
results superseding the resolution of the conventional method (WLI). However, its precision
is yet to be properly estimated, and due to the complex algorithms involved in the data
evaluation process, this appears to be a challenging task.

Appendix A
Fluence of a Gaussian Pulse
Here we derive the equations for peak intensity and peak fluence as functions of average
power.
A.1 Peak intensity
Let us assume we have a pulse with a profile, which is Gaussian both temporally and
spacially in transverse direction. Then the equation describing such intensity distribution
would be:
I(r, t) = Iˆ e−
2r2
w2 e−2 ln 2
t2
τ2 , (A.1)
where τ is the pulse duration and w is the beam radius, defined as the transversal distance
from the axis at which the intensity is 1/e2 times the peak intensity Iˆ.
The power as a funcion of time P (t) is nothing else but the beam intensity distribution
integrated over a plane D perpendicular to the direction of beam propagation:
P (t) =
∫∫
D
I(r, t) dA, (A.2)
which can be represented in cylindrical coordinates as:
P (t) =
2pi∫
0
∞∫
0
I(r, t) r dr dθ. (A.3)
If we substitute (A.1) in (A.3) we will obtain the power as function of time:
P (t) = Iˆ
piw2
2
e−2 ln 2t
2/τ2 . (A.4)
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Since a powermeter measures the average power P¯ over some interval of time ∆t, we would
like to express the peak intensity Iˆ with P¯ . Thus we average (A.4) over time
P¯ =
1
∆t
t+∆t∫
t
P (t) dt. (A.5)
By solving (A.5) we obtain the average power:
P¯ = Iˆ frepw
2τ
(pi
2
) 3
2
, (A.6)
where frep is the repetition rate of the laser.
Finally, when we express the peak intensity using the average power, we get:
Iˆ =
(pi
2
)− 3
2 P¯
frepw2 τ
. (A.7)
A.2 Peak fluence
In the previous section we integrated beam intensity over a transverse plane and we ob-
tained the optical power of the beam as a function of time. Now if we integrate (A.1) over
time instead, we will get
J(r) =
∞∫
−∞
I(r, t) dt, (A.8)
where J(r) is the fluence, i.e. the energy flow, at radial distance r from the propagation
axis. By solving the integral we obtain
J(r) =
√
pi
2
Iˆ τ e−2r
2/w2 . (A.9)
The peak of a Gaussian beam lies on the propagation axis, i.e. where r = 0. Thus the
peak fluence Jˆ = J(r = 0) or
Jˆ =
√
pi
2
Iˆ τ. (A.10)
Substituting the peak intensity from (A.7) in (A.10) we obtain the final expression to
calculate the peak fluence from the measured average power:
Jˆ =
2 P¯
piw2 frep
. (A.11)
This result is essentially the pulse energy Ep divided by the area Aσ = piw
2 within
which the intensity of the beam is larger than Iˆ/e2:
Jˆ = 2
Ep
Aσ
. (A.12)
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The correction factor of two in (A.12) is due to the Gaussian profile of the pulse in transver-
sal plane 1.
1For a pulse with a rectangular transverse profile the correction factor is unity.

Appendix B
Data Archiving
The experimental raw data, evaluation files, and original figures can be found on the Data
Archive Server of the Laboratory for Attosecond Physics at the Max Planck Institute of
Quantum Optics:
/afs/ipp/mpq/lap/publication_archive/Theses/2014/Angelov Ivan/
The list below contains paths to all relevant folders given with respect to the archive
folder of the thesis. In each folder which contains data used in a figure, there is a
README.txt file. It contains a thorough description of the contents of that folder along
with the necessary steps to generate the respective figure.
Figure 3.7
• Data (evaluated by Michael Trubetskov with his program for RSI evaluation):
Fig3.7/Fig3.7{a,b,c,d}.txt
• Python program plotting the figure:
Fig3.7/BB.py
• Plot:
Fig3.7/RSI-BB.pdf
Figure 3.8
• Data (evaluated by Michael Trubetskov with his program for RSI evaluation):
Fig3.8/Fig3.8{a,b,c,d}.txt
• Python program plotting the figure:
Fig3.8/UBB-mirror.py
• Plot:
Fig3.8/RSI-UBB.pdf
Figure 3.9
• Data (evaluated by Michael Trubetskov with his program for RSI evaluation):
Fig3.9/Fig3.9{a,b,c,d}.txt
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• Python program plotting the figure:
Fig3.9/HD.py
• Plot:
Fig3.9/RSI-HD.pdf
Figure 6.3 through Figure 6.6
• Data:
Fig6.3-6.6/raw_data/
• Processing program:
Fig6.3-6.6/DTeval.py
• Processed and summarized data:
Fig6.3-6.6/fs_LIDT.opj
Exported in plain text to be plotted:
Fig6.3-6.6/SingleLayers.csv
Fig6.3-6.6/Niobia.csv
Fig6.3-6.6/Tantala.csv
Fig6.3-6.6/HDTs.csv
Fig6.3-6.6/Metals.csv
• Python programs plotting the data:
Fig6.3-6.6/SingleLayers.py
Fig6.3-6.6/Nb-Ta.py
Fig6.3-6.6/HDTs.py
Fig6.3-6.6/Metals.py
• Plots:
Fig6.3-6.6/SLs.pdf
Fig6.3-6.6/Nb-Ta.pdf
Fig6.3-6.6/HDTs.pdf
Fig6.3-6.6/Metals.pdf
Figure 7.1
• Theoretical data generated using OptiLayer software:
Fig7.1/index_profile-QWOT.csv
Fig7.1/index_profile-EFI.csv
Fig7.1/HR-Ta2O5-35L.csv
Fig7.1/EFI-Ta2O5-35L.csv
• Python program plotting the figure:
Fig7.1/designs-efield.py
• Plot:
Fig7.1/designs-efield.pdf
Figure 7.2
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• Data:
Fig7.2/raw_data/
• Python program plotting the figure:
Fig7.2/losses_barchart.py
• Plot:
Fig7.2/losses.pdf
Figure 7.5
• Data (FROG measurement):
final23mm 22102013.bin.Ek.dat
Fig7.5/raw_data/ (contains all files from the FROG measurement)
• Python program plotting the figure:
Fig7.5/frog-fit.py
• Plot:
Fig7.5/frog-5kHz-fit.pdf
Figure 7.6 through Figure 7.10
• Data:
Fig7.6-7.10/raw_data/
• Processing program:
Fig7.6-7.10/DTeval.py
• Processed and summarized data:
Fig7.6-7.10/MHz-LIDT.opj
Fig7.6-7.10/kHz-LIDT.opj
• Python programs plotting the data:
Fig7.6-7.10/DTvsBandgap.py
Fig7.6-7.10/DT_NBP.py
Fig7.6-7.10/DT_EFI.py
Fig7.6-7.10/EFI-GDD.py
Fig7.6-7.10/DT_LOT.py
• Plots:
Fig7.6-7.10/DTvsBandgap-linear.pdf
Fig7.6-7.10/DT-NBP.pdf
Fig7.6-7.10/DT-EFI.pdf
Fig7.6-7.10/gdd-efi.pdf
Fig7.6-7.10/DT-LOT.pdf
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